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I, Real Party in Interest 

Commonwealth Scientific And Industrial Research Organisation, Campbell, Australia 
is the real party in interest, and is the assignee of Application No. 09/287,632. Bayer 
CropScience AG is a licensee of the application. 

II, Related Appeals and Interferences 

The Appellants' legal representative, or assignee, does not know of any other appeal 
or interferences which will affect or be directly affected by or have bearing on the Board's 
decision in the pending appeal. However, for the sake of completeness. Appellants note the 
following matters which may be of interest to the Board. 

A suggestion of interference pursuant to 37 C.F.R. § 41.202 has been filed in related 
co-pending application 1 1/364,183. At the time of this appeal, the interference has not been 
declared. 

An appeal has been filed in the re-examination of U.S. Patent No. 6,573,099, which is 
not directly related to the present application, but is owned by the same real party in interest. 
The reexamination is being conducted under application numbers 90/007,247 and 90/008,096 
(merged). The appeal has been forwarded to the Board of Patent Appeals and Interferences 
for docketing. 

III, Status of Claims 

Claims 1-134 have been presented in this application. 

Claims 11, 13-21, 23-25, 27-39, 41, 45, 47-49, 51, 52, 55, 57, 59-62, 70-97, 104-108, 
1 10, and 123-134 have been canceled. 

The claims pending in the application are 1-10, 12, 22, 26, 40, 42-44, 46, 50, 53, 54, 
56, 58, 63-69, 98-103, 109, and 111-122. 

Claims 1-10, 12, 40, 43, 44, 46, 50, 98, 99, and 111-114 have been withdrawn from 
consideration pursuant to a restriction requirement. 
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Claims 22, 26, 42, 53, 54, 56, 58, 63-69, 100-103, 109 and 115-122 stand rejected and 
are the subject of this appeal. 

IV. Status of Amendments 

In the Office Action dated May 11, 2009, claims 22, 26, 42, 53, 54, 56, 58, 63-69, 85- 
97, 100-103, 106-110, 115-122, and 127-134 were finally rejected. 

An amendment was filed November 5, 2009 canceling claims 70-97, 104-108, 110 
and 123-134 to reduce the number of claims on appeal. 

The amendment dated November 5, 2009 was entered by the Examiner in the Office 
Action dated December 8, 2009. 

The final rejection of claims 22, 26, 42, 53, 54, 56, 58, 63-69, 100-103, 109 and 115- 
122 was reiterated by the Examiner in the Office Action dated December 8, 2009 and is the 
subject of this appeal. 

V. Summary of the Claimed Subject Matter 

A concise explanation of the subject matter defined in each of the independent claims 
involved in the appeal, referring to the specification by page and line number, and to the 
drawings, if any, by reference characters is provided below. 

References to exemplary description in the specification are inserted in bold in curly 
brackets {} within the language of the independent claims. The references to the specification 
and/or drawings in the summary of the claimed subject matter is merely exemplary and 
should not be taken as limiting the claims in any way. 

Claim 22 is directed to a plant cell, comprising a nucleic acid of interest {p. 17, IL 28- 
30}, which is normally capable of being phenotypically expressed {p, 16, IL 22-26}, further 
comprising a chimeric DNA molecule {p, 18, IL 7-16; p, 26, L 28 - p, 27, L 2} comprising 
the following operably linked parts: 

a) a promoter, operative in said plant cell {p. 15, 11. 24-29}; 

b) a DNA region {p. 19, 11. 17-24}, which when transcribed {p. 15, 1. 30 - 

p. 16, 1. 6}, yields an RNA molecule with at least one RNA region with a 
nucleotide sequence comprising 
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i) a sense nucleotide sequence {p, 20, L 18 - p, 21, L 11} 

including at least 20 consecutive nucleotides having 100% sequence 
identity {p. 15, IL 9-23} with at least 20 consecutive nucleotides of the 
nucleotide sequence of the nucleic acid of interest; and 

ii) an antisense nucleotide {p, 21, 11. 12-18} sequence 
including at least 20 consecutive nucleotides having 100% sequence 
identity with the complement of said at least 20 consecutive 
nucleotides of said sense nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin RNA {p. 
14, L 30 - p, 15, 1. 8; p. 22, L 17 - p. 23, 1. 2} structure with a double stranded 
RNA stem by base-pairing between the regions with sense and antisense 
nucleotide sequence, 

and wherein said DNA region comprises an intron heterologous to said 
sense nucleotide sequence {p. 23, 11. 7-15}; and 

c) a DNA region involved in transcription termination and 
polyadenylation {p. 29, 11. 24-30}. 

Claim 63 is directed to a chimeric DNA {p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2} 

comprising the following operably linked parts: 

a) a promoter, operative in a plant cell {p. 15, 11. 24-29}; 

b) a DNA region {p. 19, 11. 17-24}, which when transcribed {p. 15, 1. 30 
- p. 16, 1. 6}, yields an RNA molecule comprising an RNA region capable of 
forming an artificial hairpin RNA structure {p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 
17 - p. 23, 1. 2} comprising two annealing RNA sequences, 

wherein one of the annealing RNA sequences of the hairpin RNA 
structure comprises a sense sequence {p. 20, 1. 18 - p. 21, 1. 11} identical {p. 
15, 11. 9-23} to at least 20 consecutive nucleotides of the nucleotide sequence 
of a nucleic acid of interest {p. 17, 11. 28-30}, 

and wherein the second of said annealing RNA sequences comprises 
an antisense sequence {p. 21, 11. 12-18} identical to at least 20 consecutive 
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nucleotides of the complement of at least part of said nucleotide sequence of 
said nucleic acid of interest, 

and wherein said DNA region comprises an intron heterologous to said 
sense sequence {p. 23, 11. 7-15}; and 

c) a DNA region involved in transcription termination and 
polyadenylation {p. 29, 11. 24-30}. 

Claim 64 is directed to a chimeric DNA {p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2} 

comprising the following operably linked parts: 

a) a promoter, operative in a plant cell {p. 15, 11. 24-29}; 

b) a DNA region {p. 19, 11. 17-24}, which when transcribed {p. 15, 1. 30 - 

p. 16, 1. 6}, yields an RNA molecule with a nucleotide sequence comprising 

i) a sense nucleotide sequence {p. 20, 1. 18 - p. 21, 1. 11} 

including at least 20 consecutive nucleotides having 100% sequence 
identity {p. 15, 11. 9-23} with at least 20 consecutive nucleotides of the 
nucleotide sequence of a nucleic acid of interest {p. 17, 11. 28-30}; and 

ii) an antisense nucleotide sequence {p. 21, 11. 12-18} 
including at least 20 consecutive nucleotides having 100% sequence 
identity with the complement of said at least 20 consecutive 
nucleotides of said sense nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin RNA 
structure {p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 1. 2} with a double stranded 
RNA stem by base-pairing between the regions with sense and antisense nucleotide 
sequence such that said at least 20 consecutive nucleotides of the sense sequence 
basepair with said at least 20 consecutive nucleotides of the antisense sequence, 

wherein said DNA region comprises an intron heterologous to said region with 
sense nucleotide sequence {p. 23, 11. 7-15}; and 

c) a DNA region involved in transcription termination and 
polyadenylation {p. 29, 11. 24-30}. 
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Claim 100 is directed to a plant cell, comprising a nucleic acid of interest {p, 17, IL 
28-30}, which is normally capable of being phenotypically expressed {p. 16, 11. 22-26}, 
further comprising a chimeric DNA molecule {p. 18, IL 7-16; p, 26, 1. 28 - p. 27, L 2} 
comprising the following operably linked parts: 

a) a promoter, operative in said plant cell {p, 15, 11. 24-29}; 

b) a DNA region {p. 19, 11. 17-24}, which when transcribed {p. 15, 1. 30 - 

p. 16, 1. 6}, yields an RNA molecule with at least one RNA region with a 
nucleotide sequence comprising 

i) a sense nucleotide sequence {p. 20, 1. 18 - p. 21, 1. 11} 

including at least 20 consecutive nucleotides having 100% sequence 
identity {p. 15, 11. 9-23} with at least 20 consecutive nucleotides of the 
nucleotide sequence of the nucleic acid of interest; and 

ii) an antisense nucleotide sequence {p. 21, 11. 12-18} 
including at least 20 consecutive nucleotides having 100% sequence 
identity with the complement of said at least 20 consecutive 
nucleotides of said sense nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure {p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 1. 2} with a double 
stranded RNA stem by base-pairing between the regions with sense and 
antisense nucleotide sequence, 

and wherein said DNA region comprises an intron {p. 23, 11. 7-15}; and 

c) a DNA region involved in transcription termination and 
polyadenylation {p. 29, 11. 24-30}. 

Claim 102 is directed to a chimeric DNA {p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2} 

comprising the following operably linked parts: 

a) a promoter, operative in a plant cell {p. 15, 11. 24-29}; 

b) a DNA region {p. 19, 11. 17-24}, which when transcribed {p. 15, 1. 30 - 
p. 16, 1. 6}, yields an RNA molecule comprising an RNA region capable of 
forming an artificial hairpin RNA structure {p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 
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17 - p, 23, L 2} comprising two annealing RNA sequences, 

wherein one of the annealing RNA sequences of the hairpin RNA 
structure comprises a sense sequence {p, 20, 1. 18 - p. 21, L 11} identical {p. 
15, IL 9-23} to at least 20 consecutive nucleotides of the nucleotide sequence 
of a nucleic acid of interest, and wherein the second of said annealing RNA 
sequences comprises an antisense sequence {p, 21, IL 12-18} identical to at 
least 20 consecutive nucleotides of the complement of at least part of said 
nucleotide sequence of said nucleic acid of interest, 

and wherein said DNA region comprises an intron {p. 23, 11. 7-15}; 

and 

c) a DNA region involved in transcription termination and 
polyadenylation {p. 29, IL 24-30}. 

Claim 103 is directed to a chimeric DNA {p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2} 

comprising the following operably linked parts: 

a) a promoter, operative in a plant cell {p. 15, 11. 24-29}; 

b) a DNA region {p. 19, 11. 17-24}, which when transcribed {p. 15, 1. 30 - 

p. 16, 1. 6}, yields an RNA molecule with a nucleotide sequence comprising 

i) a sense nucleotide sequence {p. 20, 1. 18 - p. 21, 1. 11} 

including at least 20 consecutive nucleotides having 100% sequence 
identity {p. 15, 11. 9-23} with at least 20 consecutive nucleotides of the 
nucleotide sequence of a nucleic acid of interest; and 

ii) an antisense nucleotide sequence {p. 21, 11. 12-18} 
including at least 20 consecutive nucleotides having 100% sequence 
identity with the complement of said at least 20 consecutive 
nucleotides of said sense nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure {p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 1. 2} with a 
double stranded RNA stem by base-pairing between the regions with sense 
and antisense nucleotide sequence such that said at least 20 consecutive 
nucleotides of the sense sequence basepair with said at least 20 consecutive 
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nucleotides of the antisense sequence, 

and wherein said DNA region comprises an intron {p, 23, 11. 7-15}; and 

c) a DNA region involved in transcription termination and 
polyadenylation {p. 29, 11. 24-30}. 

VI. Grounds of Rejection to be Reviewed on Appeal 

A. Written Description 

Claims 22, 26, 42, 53, 54, 56, 58, 63-69, 100-103, 109, 115-122 stand rejected under 
35 U.S.C. § 1 12, first paragraph, as allegedly failing to comply with the written description 
requirement. Appellants request that the rejection be overturned for the reasons set forth 
below. 

B. Obviousness 

1. Rejection over Fire et al., Brown et al., Lusky et al., Schiedner 
et al., and Baracchini et al. 

Claims 22, 26, 42, 53-54, 56, 58, 63-69, 100-103, 109, and 115-122 stand rejected 
under 35 U.S.C. 103(a) as being unpatentable over Fire et al. (US 6,506,559) in view of 
Brown et al. (US 5,859,347), Lusky et al. (US 6,350,575) and Schiedner et al. (Nature 
Genetics, 18:180-83, 1998), the combination in view of Baracchini et al. (US 5,801,154). 
Appellants request that the rejection be overturned for the reasons set forth below. 

2. Rejection over Flavell, Metzlaff et al., Stam et al.. Brown et al. and 
Lusky et al. 

Claims 22, 26, 42, 53-54, 56, 58, 63-69, 100-103, 109, and 115-122 stand rejected 
under 35 U.S.C. 103(a) as being unpatentable over Flavell (Proc. Natl. Acad. Sci., 91:3490- 
96, 1994), Metzlaff et al. (Cell, 88:845-54, 1997) and Stam et al. (Annals of Botany, 79:3-12, 
1997), the combination in view of Brown et al., (US 5,859,347), and Lusky et al. (US 
6,350,575). Appellants request that the rejection be overturned for the reasons set forth 
below. 
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C, Double Patenting 

Claims 22, 26, 42, 53, 54, 56, 58, 63-69, 100-103, 109, and 115-122 stand 
provisionally rejected under the doctrine of obviousness type double patenting over pending 
claims 22-29, 35-38 of U.S. Patent Application No. 11/841,737. Appellants request that the 
rejection be overturned for the reasons set forth below. 

VII, Argument 

For the reasons set forth below. Appellants request that the Board issue an order 
overturning each of the grounds of rejection in the application. 

A. Written Description 

Claims 22, 26, 42, 53, 54, 56, 58, 63-69, 100-103, 109, and 115-122 stand rejected 
under 35 U.S.C. § 1 12, first paragraph, as allegedly failing to comply with the written 
description requirement for the reasons alleged in the Office Actions dated September 19, 
2008, May 11, 2009, and December 8, 2009. 

In the first assertion of the rejection, the Examiner made specific reference to the 
breadth of the limitations regarding the length and homology of the sense and antisense 
sequence portions and the recitation of an intron optionally located between the sense and 
antisense sequences. Office Action dated November 10, 2005, at 7. The Examiner 
concluded that: 

The specification fails to teach or adequately describe a representative number 
of species such that the common attributes or characteristics concisely 
identifying members of the proposed genus are exemplified. And because the 
claimed genus is so highly variant, the description provided is insufficient. 

Id, The Examiner acknowledged that the specification teaches fully complementary pair 
constructs for reducing the phenotypic expression of a transgenic GUS gene and for reducing 
the phenotypic expression of the A12 desaturase target gene in Arabidopsis which 
complementary pair constructs additionally comprise the pyruvate orthophosphate dikinase 2 
intron from Flaveria trinervia in forward or reverse orientation. Office Action Mailed 
February 8, 2006, at 4, lines 10-22. However, the Examiner has maintained that the 
specification fails to teach or adequately describe a representative number of species in the 
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genus such that the common attributes or characteristics concisely identifying members of the 
proposed genes are exemplified. Id, 

The Examiner' s conclusion appears to rest on an improper interpretation of the 
written description requirement as per se requiring that some greater number of 
representative specific formulae are exemplified in order to adequately describe any generic 
invention comprising chemical constructs. 

Appellants respectfully submit that the Examiner has not appropriately considered the 
fundamentally general nature of the invention or how the invention would be understood 
from the standpoint of one skilled in the art. Satisfaction of the written description 
requirement must be determined from the standpoint of one of skill in the art at the time the 
application was filed. See, e,g,, Wang Labs, v, Toshiba Corp,, 993 F.2d 858, 865, 26 
U.S.P.Q.2d 1767, 1774 (Fed. Cir. 1993). When the fundamental nature of the invention as a 
generalized method of constructing tools for the control of gene expression from widely 
known and freely available parts is considered from the standpoint of one skilled in the art, 
the specification is more than sufficient to demonstrate that the inventors were in possession 
of the genus of tools claimed in the form of nucleic acid constructs and cells comprising those 
constructs. 

Showing possession of the claimed invention means describing the claimed invention 
with all of its limitations using such descriptive means as words, structures, figures, 
diagrams, and formulas so as to fully set forth the claimed invention. Lockwood v, American 
Airlines, Inc, 107 F.3d 1565, 1572, 41 U.S.P.Q.2d 1961, 1966 (Fed. Cir. 1997). Generally, 
there is an inverse correlation between the level of skill and knowledge in the art and the 
specificity of disclosure necessary to satisfy the written description requirement. Mformation 
which is well known in the art need not be described in detail in the specification. See, e,g,, 
Hybritech Inc, v. Monoclonal Antibodies, Inc, 802 F.2d 1367, 1379-80, 231 U.S.P.Q. 81, 90 
(Fed. Cir. 1986). 

Appellants respectfully submit that the specification sets forth a description of the 
structure and function of the claimed nucleic acid constructs and cells and how to make them 
that a person of ordinary skill in the art would immediately recognize the constructs with all 
their limitations and know how to make and use the constructs and cells. The constructs 
themselves can be assembled from a wide variety of freely available and well known nucleic 
acid sequence components. It is not necessary that every permutation within a generally 
operable invention be effective in order for an inventor to obtain a generic claim, provided 
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that the effect is sufficiently demonstrated to characterize a generic invention. Capon v, 
Eshhar, 76 U.S.P.Q.2d 1078, 1085 (Fed. Cir. 2005)(citing In re Angstadt, 537 F.2d 498, 504, 
190 U.S.P.Q. 214 (C.C.P.A. 1976)). 

The Examiner has recognized that the effect of the invention has been demonstrated 
by examples in the specification. Office Action dated November 10, 2005, at 7. The 
Examiner has recognized that the claimed constructs are not encoding enzymes whose 
function could be abolished or at least compromised by slight or subtle sequence changes. 
Office Action dated June 22, 2006, at 4. Combining the teaching of the specification with 
the knowledge available in the art of many potential target genes, a person of ordinary skill 
would have appreciated that the invention encompassed any species of the claimed genus of 
chimeric constructs that have the recited structural features. It would not have been practical 
nor was it necessary for Appellants to list every known sequence that could be used in 
making a construct according to the claimed invention. See Capon v. Eshhar, 76 U.S.P.Q. 2d 
1078, 1085-86 (Fed. Cir. 2005). Appellant's disclosure provided not only general teachings 
of how to select and recombine DNA, but also specific examples of the production and use of 
the claimed chimeric genes. According to the precedent of this Board's reviewing Court, that 
is a written description sufficient to support the generic claims. Id. 

The specification provides adequate written description support for every individual 
aspect of the claimed invention and the claims taken as a whole. Consider, for example, 
claim 64, which recites: 

A chimeric DNA comprising the following operably linked parts: 

a) a promoter, operative in a plant cell; 

b) a DNA region, which when transcribed, yields an RNA 
molecule with a nucleotide sequence comprising 

i) a sense nucleotide sequence including at least 
20 consecutive nucleotides having 100% sequence identity 
with at least 20 consecutive nucleotides of the nucleotide 
sequence of a nucleic acid of interest; and 

ii) an antisense nucleotide sequence including at 
least 20 consecutive nucleotides having 100% sequence 
identity with the complement of said at least 20 consecutive 
nucleotides of said sense nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure with a double stranded RNA stem by base- 
pairing between the regions with sense and antisense 
nucleotide sequence such that said at least 20 consecutive 
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nucleotides of the sense sequence basepair with said at least 20 
consecutive nucleotides of the antisense sequence, 

wherein said DNA region comprises an intron 
heterologous to said region with sense nucleotide sequence; 
and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Each element and limitation of the claim is described in the specification. Chimeric 
DNA are generally described, for example at p. 11, 11. 4-20, p. 18, 11. 7-16 and p. 26, 1. 28 to 
p. 27, 1. 2. The examples of the application illustrate specific embodiments of such chimeric 
DNA constructs. There is no evidence that that a person of ordinary skill in the art would not 
have recognized that the inventors were in possession of such chimeric DNA and cells 
comprising the chimeric genes. 

The various parts comprising the chimeric DNA are described throughout the 
specification with all the limitations set forth in the claims. The chimeric DNA is comprised 
of the following parts: 

A promoter, operative in a plant cell, as described for example at p. 15, 11. 24-29. The 
Examiner has provided no evidence that a person of ordinary skill in the art would not have 
recognized that the inventors were in possession of a wide variety of suitable promoters. 

A DNA region, which when transcribed, yields an RNA molecule as described for 
example at p. 15, 1. 30 to p. 16, 1. 6, and p. 19, 11. 17-24 and shown in the examples. The 
Examiner has provided no evidence that a person of ordinary skill in the art would not have 
recognized that the inventors had described DNA regions, which when transcribed would 
yield a desired RNA molecule. 

A sense nucleotide sequence including at least 20 consecutive nucleotides having 
100% sequence identity with at least 20 consecutive nucleotides of the nucleotide sequence 
of a nucleic acid of interest as described for example at p. 15, 11. 9-23, p. 17, 11. 28-30, and p. 
20, 1. 18 to p. 21, 1. 11 and shown in the examples. The Examiner has provided no evidence 
that a person of ordinary skill in the art would not have recognized that the inventors had 
described sense sequences of at least 20 nucleotides that were identical to a nucleic acid of 
interest. The Examiner has provided no evidence that a person of ordinary skill in the art 
would not have recognized that a broad genus of nucleic acids of interest such as described in 
the specification was known at the time the application was filed. 



Appeal Brief 
Application No. 09/287,632 
Attorney Docket No. 1021565-000060 

Page 13 

An antisense nucleotide sequence including at least 20 consecutive nucleotides having 
100% sequence identity with the complement of said at least 20 consecutive nucleotides of 
said sense nucleotide sequence as described, for example at p. 21, 11. 12-18 and shown in the 
examples. The Examiner has provided no evidence that a person of ordinary skill in the art 
would not have recognized that the inventors had described antisense sequences 
corresponding to the recited sense sequences and including all the limitations of the claims. 

An intron heterologous to the sense nucleotide sequence as described for example at 
p. 23, 11. 7-15 and shown in the examples. The Examiner has provided no evidence that a 
person of ordinary skill in the art would not have recognized that the inventors had described 
the chimeric constructs as comprising an intron that was heterologous to a nucleic acid of 
interest. The Examiner has provided no evidence that a person of ordinary skill in the art 
would not have recognized that a broad genus of introns was known at the time the 
application was filed. 

A DNA region involved in transcription termination and polyadenylation as 
described, for example, at p. 29, 11. 24-30 and shown in the examples. The Examiner has 
provided no evidence that a person of ordinary skill in the art would not have recognized that 
the inventors had described chimeric constructs comprising a DNA region involved in 
transcription termination and polyadenylation. The Examiner has provided no evidence that 
a person of ordinary skill in the art would not have recognized that a broad genus of DNA 
regions involved in transcription termination and polyadenylation was known at the time the 
application was filed. 

The claim further provides that the RNA is capable of forming an artificial hairpin 
RNA structure with a double stranded RNA stem by base-pairing between the regions with 
sense and antisense nucleotide sequence such that said at least 20 consecutive nucleotides of 
the sense sequence basepair with said at least 20 consecutive nucleotides of the antisense 
sequence. The provision for such artificial hairpin structures in an RNA transcribed from a 
chimeric DNA is described in the specification, for example, at p. 14, 1. 30 to p. 15, 1. 8, and 
p. 22, 1. 17 to p. 23, 1. 2. The Examiner has provided no evidence that a person of ordinary 
skill in the art would not have recognized that the inventors had described chimeric constructs 
in which the resulting RNA would form an artificial hairpin. 

Thus, each and every element of the invention as set forth in the claim is described in 
the specification. The individual components are constructed of widely available materials 
that were known to those of skill in the art. The combination and arrangement of the 
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elements is described in the specification such that a person of ordinary skill in the art would 
immediately recognize the claimed constructs as what the inventors invented. A person of 
ordinary skill in the art would have recognized that the description of the recited structural 
features of the claimed DNA could be combine with the knowledge in the art of any of the 
myriad known gene sequences to provide a useful chimeric DNA. 

Such a description satisfies the principle of the written description requirement as 
explained by the Federal Circuit. See Capon v. Eshhar, 418 F.3d 1349, 1357, 76 U.S.P.Q.2d 
1078, 1084 (Fed. Cir. 2005) ("The 'written description' requirement implements the principle 
that a patent must describe the technology that is sought to be patented; the requirement 
serves both to satisfy the inventor's obligation to disclose the technologic knowledge upon 
which the patent is based, and to demonstrate that the patentee was in possession of the 
invention that is claimed.") 

When the prior art includes the nucleotide information, precedent does not set a per se 

rule that the information must be determined afresh. Capon v, Eshhar, 418 F.3d at 1358. 

Rather, the Court explained that: 

The descriptive text needed to meet these requirements varies with the nature 
and scope of the invention at issue, and with the scientific and technologic 
knowledge already in existence. The law must be applied to each invention 
that enters the patent process, for each patented advance is novel in relation to 
the state of the science. Since the law is applied to each invention in view of 
the state of relevant knowledge, its application will vary with differences in 
the state of knowledge in the field and differences in the predictability of the 
science. 

Id, at 1357. Indeed, the Federal Circuit has recognized that a requirement that patentees 
recite known DNA structures, if one existed, would serve no goal of the written description 
requirement. Falknerv, Inglis, 79 U.S.P.Q.2d 1001, 1008 (Fed. Cir. 2006)(citing Capon, 
supra). Because, each of the elements of the claims is described in the specification, and 
each of the elements may be constructed from widely known and available materials, there is 
no need for description of additional representative species. 

1. Evidence in the Record Proves the Sufficiency of the Disclosure 

(a) Generalized Use By Those of Skill in the Art Based Upon 
the Disclosed Examples 

A selection of publications reporting chimeric DNA constructs comprising artificial 
hairpin sequences made to silence a variety of nucleotide sequences of interest and using 
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various intron sequences in accordance with the disclosure of the present invention have been 
submitted for the record. See Exhibits 10-18. Most of these publications make explicit 
reference to Smith et al. 2000, Nature, 407, 319-320 (Exhibit 9). This publication, which 
was co-authored by named inventors of the application, presented the scientific publication of 
the examples disclosed in the current application. The submitted publications represent a 
sample of publications that give due credit to the scientific publication of the examples 
disclosed in the present specification as providing disclosure leading to widespread general 
manufacture and use of the claimed constructs. 

The generalized nature of the invention described in the specification is evidenced by 
the widespread scientific publication of numerous reports describing the making and use of 
constructs of the kind described in specification using a variety of materials known to those 
of skill in the art. Thus, these publications evidence the recognition of persons of skill in the 
art that the chimeric DNA constructs of the invention can be made using any known intron 
sequence has been borne out by subsequent publication. For example, Wesley et al. 2001, 
The Plant Journal, 27:58 1-90(EXHIBIT 10) demonstrates that those skilled in the art 
recognized that an intron sequence other than the pyruvate orthophosphate dikinase 2 intron 2 
exemplified in the specification can be used. The table on page 587 of the publication 
indicates efficient silencing using at least two other introns (A12a and A12c introns). 

This publication further demonstrates that persons skilled in the art recognized that 
the location of the intron is not critical. Indeed, as pointed out on page 585 of this 
publication, sentence spanning the 1^^ and 2"^ column, the presence of an intron in the 5' 
portion of the transcribed region, in the absence of any further intron between the sense and 
antisense strands, led to efficient silencing. 

Samuel and Ellis 2002 , The Plant Cell, 14: 2059-69 (Exhibit ll)describe efficient 
gene silencing in plants using a hairpin construct as described by Smith et al. 2000 (see page 
2064 1st column, three lines from bottom), and as described in the present specification, 
comprising the fourth intron of AtMPK6 gene (page 2066, 2nd column, section entitled 
"intron spliced Hairpin loop RNA-SIPK construct", lines 3-5). 

Acosta-Garcia and Vielle-Calzada 2004, The Plant Cell, 16: 2614-28 (Exhibit 
12)describe efficient gene silencing in plants using a hairpin construct as described by Smith 
et al. 2000 (page 2617, 2nd column, line 17) , and as described in the present specification, 
comprising an intron of chalcone synthase gene (page 2617, 2nd column, lines 13-14, page 
2625, 2nd column, lines 20-22 and Fig 4 A - page 2619). 
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Guo et aL, 2003, The Plant Journal, 34: 383-92 (Exhibit 13)describe efficient gene 
silencing in plants using a hairpin construct as described by Smith et al. 2000 (page 383, 
sentence spanning 1st and 2nd column), and as described in the present specification, 
comprising the third intron of the actin 1 1 gene (Figure 1, page 384; legend to Figure 1, page 
384, line 8 and page 391, 1st column, section entitled "Plasmid construction", lines 2-4). 

Chen et al., 2003, The Plant Journal, 36: 731-40 (Exhibit 14)describe efficient gene 
silencing in plants using a hairpin construct as described by Smith et al. 2000 (page 732, 1st 
column, line 33), and as described in the present specification, comprising intron 1 of potato 
GA20 oxidase gene (Figure 1, page 733 legend to figure 1; page 733, lines 6-7 and page 738 
1st column section entitled "Plasmid construction and plant transformation", lines 8-9). 

Byzova et al., 2004, Planta, 218:379-87 (Exhibit 15)describe efficient gene silencing 
in plants using a hairpin construct as described by Smith et al. 2000 (page 384, 2nd column, 
line 9) , and as described in the present specification, comprising Intron IV2 from the potato 
ST- LSI gene (page 380, 2nd column, section entitled "Plasmid construction", lines 18-19). 

Lee et al., 2003, Methods, 30: 322-29 (Exhibit 16)describe efficient gene silencing in 
animals using a hairpin construct as described by Smith et al. 2000 (page 324, 2nd column, 
lines 1-3), and as described in the present specification, comprising intron 2 of the white gene 
(Legend to figure 4, page 327, line 1; page 324, 2nd column, lines 31-34) 

Further examples of efficient gene silencing using hairpin constructs with introns are 
provided by Li et al., 2005, The Plant Cell, 17:859-75 (Exhibit 17) (using the first intron of 
the GhTUBl gene-page 873 1st column, 4th section) and O'Brien et al. 2002, The Plant 
Journal, 32:985-96 (Exhibit 18) (using an intron from HD2 histone deacetylase gene-page 
994, 2nd column lines 9-10). 

This selection of publications reporting work using hpRNA constructs comprising 
introns as taught by the present application and reported by Smith et al. 2000 prove that any 
known nucleic acid sequence of interest can be silenced using hpRNA constructs comprising 
any intron in accordance with the written description and claims. 

These widespread publications by a variety of scientists demonstrate that combining 
the teaching of the specification with knowledge available in the art, a person of ordinary 
skill would have appreciated that the inventors had invented the claimed genus of chimeric 
constructs having the recited structural features and further comprising any intron in any 
position. Appellants' application described the essential structure and function of a new 
molecular tool and taught those of skill in the art how to select and recombine known DNA 
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structures to make and use their invention. Appellants also provided illustrative working 
examples of the claimed chimeric genes. The sampling of subsequent publications in the art 
presented by Appellants demonstrated that the general applicability of the invention has been 
home out over time. 

(b) Affidavits Presented To The Examiner Prove The 
Sufficiency Of The Disclosure 

Appellants also submitted the declarations of Dr. Elizabeth Salisbury Dennis (Exhibit 
19) and Dr. Marc de Block (Exhibit 20), experts in the field, presented pursuant to 
37 C.F.R. § 1.132 which further prove that the teachings of the specification would have 
demonstrated to a person of ordinary skill in the art that the elements of the invention recited 
in the claims are sufficient for the claimed chimeric DNA to perform its intended function 
over the full range encompassed by the claims, i.e. to permit suppression of the expression of 
any gene of interest using any intron sequence anywhere in the transcribed region of the 
dsRNA encoding chimeric gene. These experts have testified that the teachings of the 
specification would have permitted a person of ordinary skill in the art to make and use a 
range of chimeric DNA constructs consistent with the scope of the claims from components 
that were known in the art including any of a large number of well known introns. 

For example, with regard to the potential breadth of the genus of intron sequences 
comprised in the constructs, as noted by Dr. Dennis, the Application teaches at least on page 
23, lines 5 to 15 that the chimeric DNA constructs of the invention may comprise an intron in 
the transcribed region that encodes the double-stranded RNA molecule, that the inclusion of 
the intron enhances the efficiency of reduction of expression of the target nucleic acid 
interest, and that the intron is preferably (but not necessarily) located in the spacer region. 
The Application also teaches on page 23, lines 13 to 15 that the intron in a "particularly 
preferred embodiment" is the Flaveria trinervia pyruvate orthophosphate dikinase 2 intron 2 
as used in Example 6. Declaration of Dr. Elizabeth Salisbury Dennis at ^ 11. 

Thus, Dr. Dennis and Dr. de Block have testified that a person of ordinary skill in the 
art would have recognized that the description of the recited structural features of the claimed 
DNA could be combined without limitation with the knowledge of any of the myriad of 
sequences encompassed by the genus intron and further with the knowledge that insertion of 
such intron sequence anywhere in the transcribed region of the claimed gene would result in 
identical dsRNA molecules. Declaration of Dr. Elizabeth Salisbury Dennis at^ 16. 
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Dr Dennis is an expert on the use of introns in genetic constructs. Declaration of 
Dr. Elizabeth Salisbury Dennis at 1-3 and Exhibit 1 attached thereto. Dr. Dennis 
elaborates on the following points: 

• That numerous introns from a wide range of eukaryotic organisms and genes 
were known and characterized at the date of filing the application. Id. at TO 
12, 14 

• That introns were known to be removed from primary transcripts by a 
universally conserved RNA splicing pathway. Id, at ^13. 

• That the important structural features for the removal of introns from primary 
transcripts were known to be highly conserved between different introns. Id, at 
S[13. 

• That a person of ordinary skill in the art would have appreciated the 
interchangeability of introns in the chimeric constructs of the invention 
described and claimed in the application. Id, at ^14. 

• That it would have been appreciated at the time of the application that intron 
sequences are removed from the primary transcripts during splicing and that 
the resultant spliced dsRNA molecule would be the same irrespective of the 
exact position of the intron in the transcribed region. Id, at ^15. 

Dr. Dennis testified that because of the conserved nature of intron processing, a 
person of ordinary skill in the art would have immediately appreciated the general 
interchangeability of the intron that is taught in the specification, i.e. that the intron 
specifically exemplified in the Application is exchangeable with any other intron sequence. 
Id, at ^14. Furthermore, Dr. Dennis concluded that a person or ordinary skill in the art would 
have appreciated and expected that the chimeric genes encoding dsRNA molecules would be 
functional irrespective of the position of the intron in the transcribed region. Id, at ^15. 
Accordingly, it is her opinion that when the person of ordinary skill in the art read the 
teachings of the present application, which include the general usefulness of including an 
intron in the chimeric DNA, it would have been immediately clear to such person that the 
teaching of the Application is not limited to the specifically exemplified intron sequence, nor 
the exemplified preferred location for the intron. Id, at ^16. 

Dr Dennis further testified that her opinion is supported by numerous publications, 
such as those provided by Appellants with the Amendment and Reply filed November 22, 
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2006 and included as attachments to her declaration, that followed the results first disclosed 
in the present application. Dr. Dennis noted that several publications reported that by 
following teachings of the application that were also reported in Smith et al. (2000), persons 
of ordinary skill in the art were successful in using a variety of intron sequences in the 
transcribed region of chimeric DNA such as presently claimed. Id, at ^17 and Exhibits 3-12 
attached thereto. 

Dr Marc De Block declared that that in his opinion, based upon personal experience, 
that a person skilled in the art would have immediately understood that the applicability of 
the inventions described in the Application is not limited to the specific Example therein, nor 
to the particular intron used in that Example. Declaration of Dr. Marc De Block at ^17. 
Dr. De Block testifies that a person of ordinary skill in the art would have understood that the 
exemplified intron could be exchanged for other well known introns (which would function 
in the same manner, since the process of removal of introns from RNA molecules is a 
conserved process). Id. at ^14. His opinion is supported by his personal experience upon 
leaming of the results disclosed in the present application and applying that learning to his 
own project in the context of a licensing of the invention described in the application and 
subsequent collaboration with the inventors. Id. % 10-12. 

Furthermore, his own reaction to the disclosure of the invention by the inventors is 
evidence of the broadly applicable nature of the inventor's disclosed discoveries. Indeed, 
upon being informed of the increased efficiency in gene- silencing obtained by the inclusion 
of an intron in the transcribed region of the dsRNA encoding chimeric gene Dr De Block 
immediately included an intron in the design of the gene silencing constructs for the 
particular project he was working on. Id. at 12. Dr. De Block did not include the exemplified 
pyruvate orthophosphate dikinase 2 intron from Flaveria trinervia, but instead used another 
well known intron sequence with similar effect. Id. at ^^13-14. 

In further response to arguments made by the Examiner, an additional declaration by 
Dr Peter Schofield (Exhibit 21) was submitted further supporting Appellants' position that 
the specification includes a written description of the claimed invention such that a person of 
ordinary skill in the art would have recognized that the inventors were in possession of the 
claimed invention at the time that the application was filed. Dr. Schofield' s declaration 
provides further clear evidence that the term "intron" defined a well characterized genus of 
DNA elements possessing common structural and functional features. 



Appeal Brief 
Application No. 09/287,632 
Attorney Docket No. 1021565-000060 

Page 20 

The genus of intron included a large and representative number of well characterized 
members having well understood common structural and functional properties. A person 
skilled in the art clearly knows and would have known that what is defined by an "intron" 
includes the presence of consensus sequences at both ends of the intron for intron splicing. 
SeCy e,g,. Declaration Of Elisabeth Dennis at ^ 13; Declaration Of Peter Schofield 
atffl 13 and 15. 

These declarations further prove that the teachings of the present application satisfy 
the written description requirement of 35 U.S.C. § 112, first paragraph as explained in Capon 
V, Eshhar, "[t]he 'written description' requirement implements the principle that a patent 
must describe the technology that is sought to be patented; the requirement serves both to 
satisfy the inventor's obligation to disclose the technologic knowledge upon which the patent 
is based, and to demonstrate that the patentee was in possession of the invention that is 
claimed." Capon v. Eshhar, 418 F.3d 1349, 1357, 76 U.S.P.Q.2d 1078 (Fed. Cir. 2005). 
Both Dr. Dennis and Dr. De Block have testified and provided reasons as to why the present 
application satisfies the requirement. 

Appellants respectfully submit that each declaration presented herewith effectively 
refutes the allegation by the Examiner that the specification does not adequately describe 
chimeric DNA comprising any intron inserted anywhere in the transcribed region of the 
claimed chimeric DNA that would perform the functions asserted in the specification. The 
testimony of both Dr. Dennis and Dr. De Block evidences the fact that the disclosure of the 
present specification would have been sufficient to describe the necessary and distinguishing 
features of the claimed invention to a skilled person. This too, is evidenced by testimony in 
the record. In response to yet further arguments by the examiner. Appellants submitted the 
declaration of Dr Michael Metzlaff (Exhibit 22), stating his opinion that the application 
described the invention in sufficient detail to demonstrate that the inventors had a complete 
conception of the invention and described it sufficiently such that a person of ordinary skill in 
the art would have understood what the invention was and how it was distinguished over the 
prior art . Declaration of Metzlaff page 4, paragraph 14. 

Dr. Metzlaff was a person working in the filed at the time of the invention and adds 
yet another voice to the chorus of experts that testify a person of ordinary skill in the art 
would have recognized from the application as filed that the inventors were in possession of 
the invention that is currently claimed. That is all that is required when a variety of suitable 
component sequences are known and would be recognized by those skilled in the art. See 
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Falkner v, Inglis, 79 U.S.P.Q.2d 1001, 1008 (Fed. Cir. 2006)("it is binding precedent of this 
court that Eli Lilly does not set forth a per se rule that whenever a claim limitation is directed 
to a macromolecular sequence, the specification must always recite the gene or sequence, 
regardless of whether it is known in the prior art"); see also Monsanto Co, v, Scruggs, 79 
U.S.P.Q.2d 1813, 1818 (Fed. Cir. 2006)C'Given the knowledge in the art, it was unnecessary 
for the '605 patent to include specific gene sequences when referring to the CaMV 35S 
promoter to meet the written description requirement."). 

Thus, Appellants have presented extensive testimony from experts in the art proving 
that persons of skill in the art would have recognized that the descriptions and examples of 
the specification demonstrated that the inventors were in possession of a generic invention 
encompassing a novel set of tools for the manipulation of gene expression. The testimony of 
these experts is evidence that such tools could be constructed as described in the application 
and claimed in the claims for a wide range of genes of interest using known components. 
The Examiner has persistently failed to give adequate consideration and weight to the 
testimony of these experts, relying instead on mere conclusory statements that the claimed 
genus is too varied to be adequately described. 

There was no need in the present application to describe introns other than those 
presented in the working examples, because at the time of filing the current application, other 
intron sequences were well known. The working examples of an application need not 
explicitly span the full scope the claim language to support the adequacy of a written 
description. Falkner, 79 U.S.P.Q.2d at 1007 ("A claim will not be invalidated on section 112 
grounds simply because the embodiments of the specification do not contain examples 
explicitly covering the full scope of the claim language. That is because the patent 
specification is written for a person of skill in the art, and such a person comes to the patent 
with the knowledge of what has come before. Placed in that context, it is unnecessary to 
spell out every detail of the invention in the specification; only enough must be included to 
convince a person of skill in the art that the inventor possessed the invention and to enable 
such a person to make and use the invention without undue experimentation. ")(citing Lizard 
Tech Inc v. Earth Resource Mapping PTY, Inc, 424 F.3d 1336, 1345, 76 U.S.P.Q.2d 1724 
(Fed. Cir. 2005); see also Union Oil Co, v, Atantic, Richfield Co,, 208 F.3d 989, 997, 54 
U.S.P.Q.2d 1227 (Fed. Cir. 2000); In re GPAC Inc, 57 F.3d 1573, 1579, 35 U.S.P.Q.2d 1116 
(Fed. Cir. 1995)). 



Appeal Brief 
Application No. 09/287,632 
Attorney Docket No. 1021565-000060 

Page 22 

2, Each of the Independent Claims is Supported by the Specification 



Exemplary support for each of the independent claims is further demonstrated by the 
following tables in which exemplary support for each element is listed. 

(a) Claim 22 



Claim 22 


Exemplary Disclosure 


A plant cell, comprising a nucleic acid of 
interest. 


{p, 17, 11. 28-30; examples} 


which is normally capable of being 
phenotypically expressed. 


{p, 16, 11. 22-26; examples} 


further comprising a chimeric DNA molecule 
comprising the following operably linked 
parts 


{p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2; 
examples } 


a) a promoter, operative in said plant 
cell; 


{p. 15, 11. 24-29; examples} 


b) a DNA region, 
which when transcribed, yields an RNA 
molecule with at least one RNA region with a 
nucleotide sequence comprising 


{p. 19, 11. 17-24; examples} 

{p. 15, 1. 30 - p. 16, 1. 6; examples} 


i) a sense nucleotide sequence 
including at least 20 consecutive nucleotides 
having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide 
sequence of the nucleic acid of interest; and 


{p. 20, 1. 18 - p. 21, 1. 11; examples} 
{p. 15, 11. 9-23; examples} 


ii) an antisense nucleotide 
sequence including at least 20 consecutive 
nucleotides having 100% sequence identity 
with the complement of said at least 20 
consecutive nucleotides of said sense 
nucleotide sequence; 


{p. 21, 11. 12-18; examples} 


wherein the RNA is capable of 
forming an artificial hairpin RNA structure 


{p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 
1. 2; examples} 
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with a double stranded RNA stem by base- 
pairing between the regions with sense and 
antisense nucleotide sequence, 




and wherein said DNA region comprises an 
intron heterologous to said sense nucleotide 
sequence; and 


{p, 23, 11. 7-15; examples} 


c) a DNA region involved in 
transcription termination and 
polyadenylation. 


{p. 29, 11. 24-30; examples} 


(b) Claim 63 


Claim 63 


Exemplary Disclosure 


A chimeric DNA comprising the following 
operably linked parts: 


{p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2; 
examples} 


a) a promoter, operative in a plant cell; 


{p. 15, 11. 24-29; examples} 


b) a DNA region, which when 
transcribed, yields 


{p. 19, 11. 17-24; examples} 

{p. 15, 1. 30 - p. 16, 1. 6; examples} 


an RNA molecule comprising an RNA region 
capable of forming an artificial hairpin RNA 
structure comprising two annealing RNA 
sequences. 


{p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 
1. 2; examples} 


wherein one of the annealing RNA sequences 
of the hairpin RNA structure comprises a 
sense sequence identical to at least 20 
consecutive nucleotides of the nucleotide 
sequence of a nucleic acid of interest. 


{p. 20, 1. 18 - p. 21, 1. 11; examples} 
{p. 15, 11. 9-23; examples} 
{p. 17, 11. 28-30; examples} 


and wherein the second of said 
annealing RNA sequences comprises an 
antisense sequence identical to at least 20 
consecutive nucleotides of the complement of 


{p. 21, 11. 12-18; examples} 
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at least part of said nucleotide sequence of 
said nucleic acid of interest, 




and wherein said DNA region 
comprises an intron heterologous to said 
sense sequence; and 


{p, 23, 11. 7-15; examples} 


c) a DNA region involved in 
transcription termination and 
polyadenylation. 


{p. 29, 11. 24-30; examples} 


(c) Claim 64 


Claim 64 


Exemplary Support 


A chimeric DNA comprising the following 
operably linked parts: 


{p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2; 
examples} 


a) a promoter, operative in a plant cell; 


{p. 15, 11. 24-29; examples} 


b) a DNA region, which when 
transcribed, yields an RNA molecule with a 
nucleotide sequence comprising 


{p. 19, 11. 17-24; examples} 

{p. 15, 1. 30 - p. 16, 1. 6; examples} 


i) a sense nucleotide sequence 
including at least 20 consecutive nucleotides 
having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide 
sequence of a nucleic acid of interest; and 


{p. 20, 1. 18 - p. 21, 1. 11; examples} 
{p. 15, 11. 9-23; examples} 
{p. 17, 11. 28-30; examples} 


ii) an antisense nucleotide 
sequence including at least 20 consecutive 
nucleotides having 100% sequence identity 
with the complement of said at least 20 
consecutive nucleotides of said sense 
nucleotide sequence; 


{p. 21, 11. 12-18; examples} 


wherein the RNA is capable of 
forming an artificial hairpin RNA structure 


{p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 
1. 2; examples} 
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with a double stranded RNA stem by base- 
pairing between the regions with sense and 
antisense nucleotide sequence such that said 
at least 20 consecutive nucleotides of the 
sense sequence basepair with said at least 20 
consecutive nucleotides of the antisense 
sequence, 




wherein said DNA region comprises 
an intron heterologous to said region with 
sense nucleotide sequence; and 


{p, 23, IL 7-15; examples} 


c) a DNA region involved in 
transcription termination and 
polyadenylation. 


{p, 29, 11. 24-30; examples} 


(d) Claim 100 


A plant cell, comprising a nucleic acid of 
interest, which is normally capable of being 
phenotypically expressed, further comprising 


{p, 17, 11. 28-30; examples} 
{p. 16, 11. 22-26; examples} 


a chimeric DNA molecule comprising the 
following operably linked parts: 


{p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2; 
examples} 


a) a promoter, operative in said plant 
cell; 


{p. 15, 11. 24-29; examples} 


b) a DNA region, which when 
transcribed, yields an RNA molecule with at 
least one RNA region with a nucleotide 
sequence comprising 


{p. 19, 11. 17-24; examples} 

{p. 15, 1. 30 - p. 16, 1. 6; examples} 


i) a sense nucleotide sequence 
including at least 20 consecutive nucleotides 
having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide 
sequence of the nucleic acid of interest; and 


{p. 20, 1. 18 - p. 21, 1. 11; examples} 
{p. 15, 11. 9-23; examples} 


ii) an antisense nucleotide 


{p. 21, 11. 12-18; examples} 
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sequence including at least 20 consecutive 
nucleotides having 100% sequence identity 
with the complement of said at least 20 
consecutive nucleotides of said sense 
nucleotide sequence; 




wherein the RNA is capable of forming an 
artificial hairpin RNA structure with a 
double stranded RNA stem by base-pairing 
between the regions with sense and antisense 
nucleotide sequence, 


{p, 14, L 30 - p. 15, L 8; p, 22, L 17 - p. 23, 
1. 2; examples} 


and wherein said DNA region comprises an 
intron; and 


{p, 23, IL 7-15; examples} 


c) a DNA region involved in 
transcription termination and 
polyadenylation. 


{p. 29, 11. 24-30; examples} 


(e) Claim 102 


A chimeric DNA comprising the following 
operably linked parts: 


{p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2; 
examples} 


a) a promoter, operative in a plant cell; 


{p. 15, 11. 24-29; examples} 


b) a DNA region, which when 
transcribed, yields an RNA molecule 
comprising an RNA region capable of 
forming an artificial hairpin RNA structure 
comprising two annealing RNA sequences. 


{p. 19, 11. 17-24; examples} 

{p. 15, 1. 30 - p. 16, 1. 6; examples} 

{p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 
1. 2; examples} 


wherein one of the annealing RNA sequences 
of the hairpin RNA structure comprises a 
sense sequence identical to at least 20 
consecutive nucleotides of the nucleotide 
sequence of a nucleic acid of interest, and 


{p. 20, 1. 18 - p. 21, 1. 11; examples} 
{p. 15, 11. 9-23; examples} 


wherein the second of said annealing RNA 


{p. 21, 11. 12-18; examples} 
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sequences comprises an antisense sequence 
identical to at least 20 consecutive 
nucleotides of the complement of at least part 
of said nucleotide sequence of said nucleic 
acid of interest. 




and wherein said DNA region comprises an 
intron; and 


{p, 23, 11. 7-15: examples) 


c) a DNA region involved in 
transcription termination and 
polyadenylation. 


{p, 29, 11. 24-30; examples} 


(f) Claim 103 


A chimeric DNA comprising the following 
operably linked parts: 


{p. 18, 11. 7-16; p. 26, 1. 28 - p. 27, 1. 2; 
examples} 


a) a promoter, operative in a plant cell; 


{p. 15, 11. 24-29; examples} 


b) a DNA region, which when 
transcribed, yields an RNA molecule with a 
nucleotide sequence comprising 


{p. 19, 11. 17-24; examples} 

{p. 15, 1. 30 - p. 16, 1. 6; examples} 


i) a sense nucleotide sequence 
including at least 20 consecutive nucleotides 
having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide 
sequence of a nucleic acid of interest; and 


{p. 20, 1. 18 - p. 21, 1. 11; examples} 
{p. 15, 11. 9-23; examples} 


ii) an antisense nucleotide 
sequence including at least 20 consecutive 
nucleotides having 100% sequence identity 
with the complement of said at least 20 
consecutive nucleotides of said sense 
nucleotide sequence; 


{p. 21, 11. 12-18; examples} 


wherein the RNA is capable of forming an 
artificial hairpin RNA structure with a double 
stranded RNA stem by base-pairing between 


{p. 14, 1. 30 - p. 15, 1. 8; p. 22, 1. 17 - p. 23, 
1. 2; examples} 
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the regions with sense and antisense 
nucleotide sequence such that said at least 20 
consecutive nucleotides of the sense 
sequence basepair with said at least 20 
consecutive nucleotides of the antisense 
sequence, 




and wherein said DNA region comprises an 
intron; and 


{p, 23, 11. 7-15; examples} 


c) a DNA region involved in 
transcription termination and 
polyadenylation. 


{p. 29, 11. 24-30; examples} 



3. The Written Description Rejection Must Be Overturned 

Appellants have shown how the specification demonstrates that the inventors were in 
possession of the claimed invention at the time the application was filed by describing the 
invention with all its limitations in a manner that would have been recognized by persons of 
ordinary skill in the art. 

Appellants have shown that support for the claimed invention with all of its 
limitations is provided in the specification. 

Appellants have provided a series of scientific publications which bear out the general 
applicability of the invention disclosed in the specification. 

Appellants have presented the testimony of experts in the art proving that persons of 
ordinary skill would have recognized the sufficiency and general applicability of the 
disclosure of the invention, and thus that the inventors were in possession of the full scope of 
the claimed invention. 

For all these reasons the sufficiency of the description of the claimed invention is 
proven. Accordingly, the rejection of the claims under 35 U.S.C. § 1 12, first paragraph 
should be overtumed and such action is respectfully requested. 
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B, Obviousness 

In Graham v. John Deere Co, of Kansas City, 383 U.S. 1 (1966), the Court set out a 
framework for applying the statutory language of §103. See 383 U.S., at 15-17. The analysis 
is objective: 

Under §103, the scope and content of the prior art are to be determined; 
differences between the prior art and the claims at issue are to be ascertained; 
and the level of ordinary skill in the pertinent art resolved. Against this 
background the obviousness or nonobviousness of the subject matter is 
determined. Such secondary considerations as commercial success, long felt 
but unsolved needs, failure of others, etc., might be utilized to give light to the 
circumstances surrounding the origin of the subject matter sought to be 
patented. 

M, at 17-18. 

In setting forth the rejections under 35 U.S.C. § 103, the Examiner has failed to 
accurately determine the scope and content of the prior art. In the first rejection, the 
Examiner has applied a reference (Fire et al.) which appellants have antedated. The 
Examiner' s grounds for ignoring the antedating affidavit are not supported by authority, but 
rather are contrary to controlling precedent. In the second rejection, the Examiner has 
interpreted the scope and content of the prior art in a manner that is contradicted by objective 
evidence of how the phenomenon underlying the invention was viewed by those of ordinary 
skill in the art at the time the invention was made and subsequently. The Examiner's 
interpretation is further contradicted by the testimony of an expert in the art at the time the 
invention was made, a co-author of the cited art. Because the phenomenon underlying the 
invention would not have been, could not have been, and was not predicted at the time the 
invention was made, the claimed invention which represents further surprising improvements 
over that fundamental discovery could not possibly have been obvious. 

Because the Examiner has misapprehended the fundamental determination of the 
scope and content of the prior art with respect to the primary references upon which an 
analysis under 35 U.S.C. § 103 must be based, the rejections cannot be sustained. 

Furthermore, each of the claims requires inclusion of an intron in the chimeric gene 
construct, which the inventors have discovered provides a surprising increase in the 
effectiveness of the construct. Such a feature is not suggested in the primary references relied 
upon by the Examiner. The Examiner has cited a number of secondary references for the 
intron feature. However none of those references provides a reason for including an intron 
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that is relevant to the present invention. Rejections on obviousness grounds cannot be 
sustained by mere conclusory statements; instead, there must be some articulated reasoning 
with some rational underpinning to support the legal conclusion of obviousness. See In re 
Kahn, 441 F.3d 977, 988 (Fed. Cir. 2006). Therefore, even if the Examiner were correct with 
respect to applicability of the primary references, in the absence of some cognizable reason to 
include an intron in the claimed chimeric gene constructs and cells, the present invention is 
still non-obvious, and the rejections cannot be sustained. 

1. Rejection over Fire et al.. Brown et al., Lusky et al., Schiedner 
et aL, and Baracchini et al. 

Claims 22, 26, 42, 53-54, 56, 58, 63-69, 100-103, 109,and 115-122 stand rejected 

under 35 U.S.C. 103(a) as being unpatentable over Fire et al. (US 6,506,559)(EXHIBIT 1) in 

view of Brown et al. (US 5,859,347) (Exhibit 4), Lusky et al. (US 6,350,575) (Exhibit 5) 

and Schiedner et al. (Nature Genetics, 18:180-83, 1998) (Exhibit 7), the combination in view 

of Baracchini et al. (US 5,801,154) (Exhibit 8). In the first assertion of this rejection, the 

Examiner alleged that: 

Fire et al. (U.S. Patent No. 6,505,559) [teaches] plant cells, plants and their 
seeds comprising a first and second DNA sequence which expresses in the 
plant cell a chimeric DNA comprising a promoter, operatively linked to a 
DNA region, which when transcribed yields [an] RNA molecule capable of 
forming a hairpin comprising two annealing RNA sequences which comprise 
a sense sequence sharing homology with consecutive nucleotides of a target 
nucleic acid of interest in the plant, and which further comprises a second, 
annealing RNA sequence comprising antisense sharing homology with the 
consecutive nucleotides of the sense strand that targets the nucleic acid of 
interest, and which chimeric DNA further comprises an intron sequence, and 
which chimeric DNA further comprises operably linked transcription 
termination and polyadenylation sequences (See the abstract, col. 3-4, col. 5, 
line 47-col. 6, line 54, col. 7, line 42-col. 9, lines 25, col. 11, line 37-col. 12, 
line 8, col. 17, line 20-24, col. 21, line 36-col. 22, line 4, claims 1-4 and 7).) 

Office Action dated April 11, 2005, at 4. The Examiner acknowledged that Fire et al. do 

not teach an intron interposed between sense and antisense strand, or the limitations of the 

length and identity of targeting region to the target sequence then appearing in the claims. 

The Examiner alleged that: 

Brown et al. (U.S. Patent No. 5,859,347) teach plant cells transformed with 
chimeric nucleic acid constructs expressing desired DNA sequences, and 
which expression constructs comprising expression elements including 
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operably linked promoters and further comprising heterologous introns, which 
introns enhance expression of the desired nucleic acid sequences in the 
expression construct (see col. 8, line 53-col. 9, line 17, examples 1-7 in cols. 
10-18 and figures 8-27). 

Office Action dated April 11, 2005, at 5. The Examiner further alleged that: 

Lusky et al. (6,350,575) teach expression constructs comprising antisense 
RNA and further comprising an intron as well as other expression elements 
including translation termination and polyadenylation signals (col. 6, line 15- 
col. 7, line 14). 

Office Action dated April 11, 2005, at 5. The Examiner further alleged that: 

Barachini et al. teach the ability to target a gene of interest with a 
complementary sequence comprising at least 10 nucleobases (see e.g. claims 
1, 12, 26, and 32). 

Office Action dated April 11, 2005, at 5. 

(a) Fire et aL is Not Prior Art 

Appellants maintain as set forth below that Fire et al. alone, or in combination with 
Brown et al., Lusky et al., Schiedner et al., and Baracchini et al., would not have rendered the 
presently claimed invention obvious. Nevertheless, in order to remove Fire et al. as an issue. 
Appellants submitted a Declaration by the Inventors under 37 C.F.R. § 1.131 (Exhibit 23) 
with the Amendment filed May 1, 2008.. The declaration presents evidence that the 
invention was actually reduced to practice, prior to the December 23; 1997 filing date of U.S. 
provisional application No. 60/068,562 for which benefit is claimed by Fire et al. (U.S. Patent 
6, 506, 559). 

In particular, the declaration presented evidence that prior to December 23, 1997 they 
successfully constructed, in the CSIRO Plant Industry laboratories in Canberra, Australia, a 
chimeric DNA construct molecule comprising, in order: a) a promoter (CaMV35S), operative 
in a plant cell; b) a DNA region, which when transcribed, yields an RNA molecule with at 
least one RNA region with a nucleotide sequence comprising i) a sense nucleotide sequence 
including at least 20 consecutive nucleotides (and also at least 50 or 100 nucleotides) having 
100% sequence identity with at least 20 consecutive nucleotides (and also at least 50 or 100 
nucleotides) of the nucleotide sequence of the nucleic acid of interest (0, 75 kb PVY region in 
sense orientation- the nucleic acid of interest was comprised in the genome of an infecting 
RNA virus in this embodiment); and ii) an antisense nucleotide sequence including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) having 100% sequence 
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identity with the complement of the at least 20 consecutive nucleotides (and also at least 50 
or 100 nucleotides) of the sense nucleotide sequence (0.75 kb PVY region in antisense 
orientation); wherein the RNA is capable of forming an artificial hairpin RNA structure with 
a double stranded RNA stem by base-pairing between the regions with sense and antisense 
nucleotide sequence, and wherein the DNA region further comprises an intron (intron 2) 
(which is a heterologous intron with respect to the sense and antisense PVY sequences); and 
c) a DNA region involved in transcription termination and polyadenylation (J' ocs region). 
See Exhibit 23 at 15-17. 

The declaration also presented evidence that prior to December 23, 1997 the inventors 
successfully constructed, in the CSIRO Plant Industry laboratories in Canberra, Australia, a 
chimeric DNA molecule (pMBW233/239 series) comprising in order, a promoter operative in 
the plant cell (Ubi-P); a DNA region, which when transcribed, yields an RNA molecule with 
at least one RNA region with a nucleotide sequence comprising a sense nucleotide sequence 
including at least 20 consecutive nucleotides (and also at least 50 or 100 nucleotides) having 
100 % sequence identity with at least 20 (and also at least 50 or 100 nucleotides) consecutive 
nucleotides of the nucleotide sequence of a nucleic acid of interest (Gusd in sense 
orientation) in a eukaryotic cell; and an antisense nucleotide sequence including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) having 100% sequence 
identity with the complement of the at least 20 consecutive nucleotides (and also at least 50 
or 100 nucleotides) of the sense nucleotide sequence (Gus5' in antisense orientation); 
wherein the RNA is capable of forming an artificial hairpin RNA structure with a double 
stranded RNA stem by base-pairing between the regions with sense and antisense nucleotide 
sequence wherein the DNA region further comprises an intron (Ubi-1 intron) (which is 
heterologous to the sense GUS sequence); and a DNA region involved in transcription 
termination and polyadenylation {tmV), See Exhibit 23 at ^ 38. 

The declaration also presented evidence of the successful use of such a chimeric gene 
in a method for reducing the phenotypic expression of a nucleic acid of interest which is 
normally capable of being expressed (GUS gene) in a plant cell {rice) comprising the step of 
introducing into the plant cell, a chimeric DNA {pMBW23 3/239 series) as claimed. See 
Exhibit 23 at^ 39. 

The Examiner has contended that the actual reduction to practice demonstrated in the 
Declaraion of the Inventors is not effective to antedate Fire et al. because the construct made 
by the inventors had longer sense and antisense segments than the "at least 20 nucleotides" 
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recited in the claims. Office Action dated December 89, 2009, at 12-13. The Examiner has 

cited no authority for this position. By contrast, in In re Clarke, the Court explained: 

If the question of how much need be shown in antedating affidavits is cast in 
terms of support for the claims, then an applicant would be required to show 
as much as is required by 35 U.S.C. 1 12 to support a generic claim . However, 
we think such analysis in terms of support for the claims to be erroneous and 
improper here. We would add that an analysis in terms of the law involving 
"genus" and "species" does not promote a disposition of the issue here. 

In re Clarke, 148 U.S.P.Q. 665, 669-70 (C.C.P.A. 1966). Thus, it is old law that antedating 
affidavits need not show the full scope of the claims, but rather "antedating affidavits must 
contain facts showing a completion of 'the invention' commensurate with the extent the 
invention is shown in the reference." Id, 

Contrary to established law, the Examiner would apply a genus / species analysis of 
support under 35 U.S.C. § 1 12 to the affidavits where controlling precedent has clearly stated 
that such analysis is not applicable. As acknowledged by the Examiner, Fire et al. does not 
show the whole invention now claimed. By contrast, the declaration of the inventors 
demonstrates reduction to practice of complete embodiments of the now claimed invention. 
Thus, it is clear that the antedating affidavit of the inventors shows more of the invention than 
what was disclosed by the reference, thereby satisfying the longstanding requirement set forth 
in Clarke. Id, Furthermore, there is nothing to indicate that the results shown in the 
declaration were limited to the exemplified species, rather it is apparent that the experiments 
were conducted as proof of the generic concepts which underlie the claimed invention. As 
such, the successful making and using of the designed constructs represents a completion of 
the invention prior to the earliest possible disclosure by Fire et al. 

The declaration of the inventors proves that the inventors actually reduced the present 
invention to practice prior to the earliest possible effective filing date of Fire et al. Therefore, 
the reference is not a prior art reference against the current claims of the application. This 
reason alone is sufficient to overtum the rejection. 

(b) Fire et al., Brown et al., Lusky et al., Schiedner et al., and 
Baracchini et al. Could Not Have Rendered the Invention 
Obvious 

Among the distinctions between Fire et al. and the presently claimed inventions, the 
Examiner has acknowledged that Fire et al. do not teach an intron to be interposed between 
the sense and antisense strand of the chimeric construct. However, the Office ascribes more 
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to Fire et al. than is actually taught by the reference. Fire et al. teach the introduction of 
double stranded RNA (dsRNA) comprising two separate strands into Caenorhabditis to 
achieve gene silencing of target genes. At most, Fire et al. suggested that the dsRNA 
sequences could be present in an RNA molecule that could be expressed from a single gene. 
However, contrary to the allegation of the Examiner, Fire et al. are completely silent about 
the possibility of such a gene containing an intron sequence. Even the passages of Fire et al. 
cited by the Examiner on page 4 of the Official Action dated march 11, 2005 that do mention 
the word "intron" do so only in a completely different context. For example, at column 5, 
lines 40-4, Fire et al. indicated that targeted genes can contain exons and introns, not that an 
expressed dsRNA can contain an intron. In fact, at column 17, lines 20-25, Fire et al. teach 
that dsRNA segments matching intron sequences in target genes did not produce detectable 
inhibition. Given the results reported by Fire et al., one would be lead away from including 
intron sequences in a dsRNA. There is no suggestion or reason that may be derived from Fire 
et al. for one to include intron sequence in a dsRNA construct. Indeed, the Examiner's 
position is in contradiction to the correct findings indicated in the Office Action mailed April 
9, 2003 at 7. 

"US Patent No 6506559 (Fire et al) is considered to be pertinent to 
Applicant's disclosure because it discloses methods of inhibiting the 
expression of a target gene using a dsRNA molecule, including an RNA 
molecule expressed from a DNA vector, however^ Fire et aL does not teach 
these methods wherein the DNA vector comprises a heterologous intron. 
nor is there any suggestion in the prior art to include such an intron in 
the DNA vectors expressing a dsRNA of Fire et al/^ 

Office Action mailed April 9, 2003 at 7 (emphasis added). 

Brown et al. does not teach or suggest a construct expressing a dsRNA and 
comprising a heterologous intron. Therefore, Brown et al. could not provide any direct 
reason to modify Fire et al. as the Examiner has proposed. 

Consideration of the teachings and motivation of Brown et al. demonstrate that no 
reason to modify Fire et al. can be derived from Brown et al. Brown et al. is specifically 
directed at inclusion of particular intron sequences into the non-translated leader of a 
chimeric protein expression gene. In direct contradiction to the aim of the present invention, 
the aim of Brown et al. is to express greater quantities of proteins in plants. See, Brown et al. 
at column 1, lines 10-12. The presently claimed chimeric constructs are not directed to 
protein expression. There would have been no reason for a person of ordinary skill to 
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contemplate that whatever mechanism provides the increased protein expression observed by 
Brown et al. would have any affect on gene silencing. Thus a person of ordinary skill in the 
art would not find the teaching of Brown et al. to be relevant to the present invention. 

There is no indication in Brown et al. that the observed increased protein expression 
was due to any effect that would be relevant to the present invention. The biologically active 
molecule for the reduction of the expression of the target gene in the current application is the 
transcribed RNA which can form an artificial hairpin double stranded RNA molecule, no 
protein is expressed from the claimed chimeric gene. Thus, the increase in protein expression 
observed by Brown et al. would have no relevance to the presently claimed invention and 
would provide no motivation to combine the references as proposed by the Office. 

To the extent that one might have speculated that the increased protein expression of 
Brown et al. was related to increased transcription of RNA, there is also no indication in Fire 
et al. that increased transcription of a chimeric gene encoding a dsRNA molecule would lead 
to increased silencing of the target gene. To the contrary, what Fire et al. taught is that low 
concentrations of RNA molecules are effective for dsRNA mediated gene silencing (column 
5, lines 15 to 17). In other words, there is no indication that higher concentrations of dsRNA 
would produce a greater gene silencing. Thus, there is no incentive provided by the Fire et al. 
disclosure to increase the expression of a gene encoding a dsRNA molecule to improve the 
silencing of the expression of the target gene, even if Brown et al. could be read to suggest 
that an intron might increase production of RNA, which it cannot. 

Lusky et al. is cited for its alleged teaching of expression constructs comprising 
antisense RNA and for teaching that expression construct can comprise an intron as well as 
other expression elements including translation termination and polyadenylation signals. 
Lusky et al. provides teaching conceming the construction of viral expression vectors and 
helper cells. Genes in these constructs may contain intron sequences just as many genes 
include introns. Schnieder et al. teach expression vectors comprising intronic sequences for 
enhancing vector stability. In constructing viral vectors, intron sequences may be included to 
match the size of the vector to the capacity of the viral packaging for improved production of 
viral particles. These teachings are simply not relevant to the construction of the chimeric 
genes of the invention. The teachings of Lusky et al. and Schiedner et al. provide no reason 
for a person of ordinary skill to modify a chimeric gene encoding an artificial hairpin dsDNA 
to include an intron. 
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Fire et al. in column 3, lines 19-34 states that "inhibition by dsRNA must occur by a 
mechanism distinct from antisense interference". Therefore, at the time the invention was 
made, the person skilled in the art would not have extrapolated any suggestions regarding 
antisense constructs that might be ascribed to Lusky et al. to be to be relevant to dsRNA 
mediated gene silencing. Even if vectors existed in the prior art containing heterologous 
DNA with intron sequences, they have no apparent relevance to improving dsRNA silencing, 
and certainly do not provide any reason for a person of ordinary skill in the art to include an 
intron in a chimeric artificial hairpin RNA as in the present claims. 

Baracchini et al. is cited for its teaching of the ability to target a gene of interest with 
a complementary sequence comprising at least 10 nucleobases. Baracchini et al. was cited 
only for allegedly teaching sizes and amounts of sequence identity between the 
complementary RNA and the target gene to be silenced. Baracchini et al. fails to remedy the 
deficiencies of the combination of Fire et al. with Brown et al. and Lusky et al. 

(c) Inclusion of an Intron Produces Surprising Unpredicted 
Improvement in the Invention 

As disclosed in the present application, the inventors discovered that inclusion of an 
intron in a hairpin dsRNA gene silencing construct provides surprisingly improved gene 
silencing. These findings were published in the scientific literature by the inventors in Smith 
et al., Nature, 407:319-32, 2000 (Exhibit 9). The improved efficiency provided by the 
inclusion of an intron in the construct was not predicted or predictable. However, the 
improvement has been widely adopted in the art since the publication of Smith et al.. As may 
be seen from the sample of papers that Appellants have provided to the Examiner, persons of 
ordinary skill in the art have widely adopted the use of hairpin dsRNA constructs comprising 
introns and have cited the work of the inventors in numerous reports. See Exhibits 10-18. 

Even when the phenomenon of RNA interference by dsRNA was published, persons 
of ordinary skill in the art did not know the mechanism of the effect. Wagner and Sun, 1998, 
Nature, 39:744-45 (Exhibit 24). Therefore, no one could have predicted how the effect 
might have been improved. The Smith et al. report explained that presence of an intron 
enhances silencing efficiency by either 

a. increased formation of duplex RNA during the process of intron excision from the 
construct by the spliceosome due to better alignment of the complementary arms 
of the hairpin in an environment favoring RNA hybridization; 
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b. increased retention of hairpin RNA in nucleus; or 

c. creation of a smaller, less nuclease-sensitive loop. 
Smith et al. at 320, paragraph spanning the 1^*^ and 2"^ column). 

None of Fire et al.. Brown et al., Lusky et al., Schiedner et al., or Baracchini et al. 
predicted or provided for any of these potential actions attached to the inclusion of a intron in 
a chimeric hairpin dsRNA Thus, neither any of these references, nor the state of the art as a 
whole could have predicted the effect that was first disclosed by the inventors in the present 
application. The of surprising results, lack or predictability, and widespread adoption of the 
invention following its disclosure are all secondary considerations pointing to the fact that the 
invention was not obvious. Graham v, John Deere Co, of Kansas City, 383 U.S. 1, 15-17 
(1966). 

(d) The Rejection Over Fire et aL, Brown et al., Lusky et al., 

Schiedner et al., and Baracchini et al. Must Be Overturned 

As explained above. Fire et al. is not prior art to the present application. Thus, the 
basis of the rejection is fatally flawed and it cannot be sustained. 

Furthermore, even if Fire et al. were prior art, because none of Brown et al., Lusky et 
al., Schiedner et al., and Baracchini et al. provides a cognizable reason for a person of 
ordinary skill to have included an intron in the presently claimed constructs, the combination 
of references could not have rendered the invention obvious. 

The inclusion of an intron in the claimed chimeric constructs has been shown to 
produce a surprising and unpredicted improvement in the effect of the invention that has led 
to widespread adoption of the invention in the art. Thus, there are strong secondary 
considerations that point inexorably toward the conclusion that the invention could not have 
been obvious at the time it was made. 

2. Rejection over Flavell, Metzlaff et al., Stam et al.. Brown et al. and 
Lusky et al. 

Claims 22, 26, 42, 53-54, 56, 58, 63-69, 100-103, 109, and 115-122 stand rejected 
under 35 U.S.C. 103(a) as being unpatentable over Flavell (Proc. Natl. Acad. Sci., 91:3490- 
96, 1994) (Exhibit 6), Metzlaff et al. (Cell, 88:845-54, 1997) (Exhibit 2) and Stam et al. 
(Annals of Botany, 79:3-12, 1997) (Exhibit 3), the combination in view of Brown et al., (US 
5,859,347) (Exhibit 4), and Lusky et al. (US 6,350,575) (Exhibit 5). 
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The Examiner alleges Flavell et al. discloses plants, eukaryotic cells and chimeric 
DNA comprising an operable promoter, transcription termination and polyadenylation region 
and further comprising a DNA region encoding a region capable of forming a double 
stranded RNA stem by base pairing between regions with a sense and antisense nucleotide 
sequence, which sense nucleotide sequence includes at least 10 consecutive nucleotides 
having 100% sequence identity with at least 10 consecutive nucleotides having 100% 
sequence identity with said at least 10 consecutive nucleotides of the sense sequence. See 
Office Action mailed September 19, 2008 at 6. 

The Examiner further contends that Metzlaff et al. teaches plants, eukaryotic cells and 
chimeric DNA comprising an operable promoter, transcription termination and 
polyadenylation regions, and further comprising a DNA region encoding a region capable of 
forming a double stranded RNA by base pairing between regions with a sense and an 
antisense nucleotide sequence. See Office Action mailed September 19, 2008 at 7. 

The Examiner further alleges that Stam et al. discloses plants, eukaryotic cells and 
chimeric DNA comprising an operable promoter, transcription termination and 
polyadenylation region and further comprising a DNA region encoding a region capable of 
forming an artifical hairpin RNA structure with a double stranded RNA stem by base pairing 
between regions with a sense and antisense nucleotide sequence, which sense nucleotide 
sequence includes at least 10 consecutive nucleotides having 100% sequence identity with at 
least 10 consecutive nucleotides having 100% sequence identity with said at least 10 
consecutive nucleotides of the sense sequence. See Office Action mailed September 19, 
2008 at 7. 

Brown et al. and Lusky et al. have been cited as teaching the inclusion of intron 
sequences in chimeric gene vectors as described above. 

(a) The Examiner's Hindsight Review is Contradicted by the 
Objective Response of the Scientific Community to the 
Invention as Evidenced by Nobel Prize Committee 

The Examiner admits that none of Flavell, Metzlaff et al. and Stam et al. teach double 
stranded hairpin constructs in their inverted repeats, nor do they teach the insertion of an 
intron in their double stranded inhibitory constructs. See Office Action mailed September 
19, 2008 at 7, last paragraph. 
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However, the Examiner contends that it would have been obvious to one of ordinary 
skill in the art at the time of the invention was made to alter the expression of a target gene of 
known sequence comprising the introduction of nucleic acids comprising sense and 
complimentary antisense sequences of the target genes operably linked to a promoter and 
which are optionally expressed on separate or the same expression construct, because this 
approach to gene silencing had been proposed and studied previously by Flavell, Metzlaff et 
al. and Stam et al. See Office Action mailed September 19, 2008 at 8. 

To remedy the admitted deficiency of the primary references, the Examiner has 
alleged that one of ordinary skill in the art would have been motivated to design inverted 
repeats in a single molecule to test its inhibitory capacity because expression of a single, 
contiguous self annealing construct would provide for more efficient self annealing compared 
to two separately expressed self annealing molecules, applying scientific logic to the 
teachings of Flavell, Metzlaff and Stam. See Office Action mailed September 19, 2008 at 
9, lines 3-9. 

The Examiner's position is essentially that a person of ordinary skill in the art reading 
Flavell, Metzlaff et al. and Stam et al. would have found it obvious to make not only the 
dsRNA of Fire et al., which is contrary to the issuance of Fire et al. U.S. Patent No. 
6,506,559, but, then to further go on to manufacture the dsRNA gene silencing constructs 
comprising an artificial hairpin of sense and antisense gene targeting sequences and an intron. 
That is, the Examiner has contended that Flavell, Metzlaff et al. and Stam et al. not only 
rendered the phenomenon of RNA interference obvious, but also the further improvements 
that have been disclosed in the present application. 

The Examiner' s interpretation of the state of the art is contradicted by the response of 

the scientific community to the first publication describing the discovery of the RNA 

interference phenomenon. The first publication describing the RNA interference 

phenomenon eamed the Nobel prize for its authors. The announcement of the 2006 Nobel 

Prize in Physiology or Medicine states: 

Fire and Mello published their findings in the journal Nature on February 19, 
1998. Their discovery clarified many confusing and contradictory 
experimental observations and revealed a natural mechanism for controlling 
the flow of genetic information. This heralded the start of a new research 
field. 

Nobelprize.org: The Nobel Prize in Physiology or Medicine 2006, Press Release of the Nobel 
Assembly at Karolinska Institute (October 2, 2006)(Exhibit 26); see also Fire A., Xu S.Q., 
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Montgomery M.K., Kostas S.A., Driver S.E., Mello C.C., 1998, Potent and specific genetic 
interference by double- stranded RNA in Caenorhabditis elegans. Nature, 391:806-11 
(Exhibit 26). 

As explained above, the Declaration of the Inventors under 37 C.F.R. § 1.131 
(Exhibit 23) proves that the present invention was actually reduced to practice prior to the 
filing of the Fire et al. patent application and the subsequent publication of their results. The 
award of a Nobel Prize is perhaps the greatest recognition that the scientific community can 
offer to a novel and surprising discovery. Indeed in commentary published in the same issue 
as the Fire et al. Nature publication, Wagner and Sun described the reported effect of dsRNA 
targeting genes in C, elegans as "remarkable and surprising." Wagner and Sun, Nature, 
1)9\1AA-A5 (1998) (Exhibit 24). Wagner and Sun provide further contemporaneous evidence 
that the phenomenon of RNA interference which underlies the present invention was not 
obvious even to those of extraordinary skill in the art at the time the invention was made. 
Therefore, the present invention, which was completed before the first publication reporting 
RNA interference could not possibly have been obvious. 

The Examiner' s reading of the references appears to be influenced by hindsight 
consideration of knowledge that was disclosed only after the present invention was made. 
However, the objective evidence of the history of of RNA interference proves that at the time 
that the invention was made persons of ordinary skill in the art did not and could not have 
anticipated the surprising effects of RNA interference using dsRNA nor could they have 
predicted that RNA interference would even work let alone that the phenomenon could be 
improved by the invention claimed in the present application. 

(b) Dr. Metzlaff's Testimony Contradicts the Examiner's 
Interpretation of Flavell, Metzlaff et al. and Stam et al. 

Appellants also presented a declaration by Dr Michael Metzlaff pursuant to 37 C.F.R. 
§ 1.132 (Exhibit 22). Dr. Metzlaff who was an expert in the field of gene- silencing at the 
time the invention was made and who is co-author of one of the primary references relied on 
by the Examiner contradicts the Examiner's interpretation of the state of the art at the time 
the invention was made. Dr. Metzlaff provides his testimony conceming what the references 
would have taught a person of ordinary skill in the art given the general state of the art the 
time the invention was made. 
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Dr Michael Metzlaff testifies that the publications by Flavell, Metzlaff et al. and Stam 
et al (or other contemporaneous publications related to the field of co-suppression) did not 
contemplate that double stranded RNA structures formed between antisense RNA and the 
sense mRNA could be a triggering agent in gene silencing. Declaration of Metzlaff at ^ 9. 
Dr Metzlaff further testifies that at that point in time the favorite hypothesis to explain the co- 
suppression mechanism of action included the model that co-suppression was mediated 
through the involvement of an antisense molecule generated via a unknown mechanism from 
the sense RNA. The antisense RNA molecule could then form a dsRNA intermediate with the 
targeted mRNAs which were thus tagged for degradation. Declaration of Metzlaff at ^ 
14. According to this model, the antisense RNA is the pivotal molecule in gene-silencing. 

Dr Metzlaff also declares that a person of ordinary skill in the art understanding the 
proposed models for gene silencing would not have included a sense and antisense RNA 
strand in one single molecule to obtain more efficient self annealing. This is because the 
proposed models and prevailing wisdom considered a antisense strand to be the operative 
gene-silencing triggering molecule. More efficient self annealing would sequester the 
antisense strand by base-pairing with the sense strand, which would be contrary to the 
mechanisms proposed in the cited papers and generally understood at the time. 
Declaration of Metzlaff at % 9. He also testifies that he was a person of at least ordinary 
skill at the time and certainly would never have contemplated deliberately introducing 
complimentary sense and antisense sequence of a target gene which can form a double 
stranded RNA molecule to increase the efficiency of gene silencing based upon these papers 
or the general understanding in the art at the time. Declaration of Metzlaff at % 9. 

Dr Metzlaff concludes that Flavell, Stam and Metzlaff all emphasize the importance 
of the complementary RNA/antisense RNA as the central effector molecule in gene silencing 
and reiterates that accordingly it would not be logical to enhance the efficiency of gene 
silencing by simultaneous introduction of a sense and antisense RNA molecule capable of 
forming a duplex RNA with each other, since this sense RNA molecule would compete with 
the targeted mRNA molecule for duplex formation with the active antisense molecule 
triggering the gene- silencing phenomenon. The competition would even be more severe if 
the introduced sense and antisense RNA would be present in one molecule, as such 
intramolecular duplex formation would be favored over intermolecular duplex formation. 
Declaration of Metzlaff at ^ 31. Therefore, Dr Metzlaff expresses his opinion that it 
would not have been obvious to one of ordinary skill in the art to derive from the Flavell, 
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Metzlaff et al. and Stam et al. publications (or other contemporaneous publications in the 
field of co-suppression in plants) that expression of target genes in a cell can be inhibited by 
the introduction of chimeric genes expressing sense and complimentary antisense sequences 
of the target gene (either from separate constructs or from the same construct) which can 
form a double stranded RNA molecule. Declaration of Metzlaff at f 32. 

Dr Metzlaff s declaration thus refutes the Examiner's reading of the primary 
references as teaching modification of the expression of a target gene of known sequence 
comprising the introduction of nucleic acids comprising sense and complimentary antisense 
sequences of the target genes operably linked to a promoter and which are optionally 
expressed on separate or the same expression construct. Furthermore, Dr Metzlaff s 
declaration traverses the Examiner's opinion that a person of ordinary skill in the art 
understanding the proposed models for gene silencing would have included a sense and 
antisense RNA strand in one single molecule to obtain more efficient self annealing. 

The secondary references by Brown et al. and Lusky et al. are only relied upon to 
demonstrate that in certain circumstances introns had been used in expression constructs in 
the prior art. However, since the secondary references are silent with regard to teaching 
modification of the expression of a target gene of known sequence comprising the 
introduction of nucleic acids comprising sense and complimentary antisense sequences of the 
target genes operably linked to a promoter, they could not remedy the deficiencies of Flavell, 
Stam et al. and Metzlaff et al.. Moreover, the inaptness of these references has been 
previously addressed above. 

(c) The Rejection over Flavell, Metzlaff et al., Stam et al.. 
Brown et al. and Lusky et al. Must Be Overturned 

For at least the reasons elaborated herein, the currently claimed invention would not 
have been obvious over Flavell, Metzlaff et al. and Stam et al., the combination in view of 
Brown et al. Lusky et al. 

Appellants have shown through objective evidence that those of skill in the art 
considered the underlying discovery of RNA interference using dsRNA to be surprising and 
remarkable at the time it was first described, so much so that the first authors to publish on 
the subject were awarded the Nobel Prize. Appellants have demonstrated through affidavit 
that the present invention was completed prior to that first publication by Fire et al. or the 
filing of a patent application by Fire et al. 
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Appellants have further proven through testimonial evidence that the Examiner' s 
hindsight consideration of the state of the art does not accurately reflect the understanding of 
a person of ordinary skill at the time the invention was made. Rather, the prior art would not, 
could not, and did not render the invention obvious to even an expert in the field (and an 
author of the cited prior art) at the time the invention was made. 

Accordingly, the rejection must be overtumed and such action is respectfully 
requested. 

C. Double Patenting 

Claims 22, 26, 42, 53, 54, 56, 58, 63-69, 100-103, 109, and 115-122 stand 
provisionally rejected under the doctrine of obviousness type double patenting over pending 
claims 22-29, 35-38 of U.S. Patent Application No. 11/841,737. Appellants note that claims 
22-29 have been canceled in U.S. Patent Application No. 1 1/847,737. 

The Examiner has acknowledged that the claims under appeal are not identical to the 
cited claims. However, the Examiner has failed to accurately identify the differences 
between the cited claims and the rejected claims and to explain why those differences would 
be obvious. Such an analysis is essential to a legal determination of obviousness. Graham v, 
John Deere Co, of Kansas City, 383 U.S. 1 (1966). 

The claims in the present application recite features, such as the inclusion of an intron 
in the construct, that are not recited in claims 35-38 of U.S. Patent Application No. 
1 1/841,737. As explained above, the secondary references that the Examiner has cited for the 
intron feature do not provide any relevant reason to include an intron in the claimed chimeric 
gene constructs and cells. Moreover, the pending claims of U.S. Patent Application No. 
1 1/841,737 recite features that would not be obvious in view of the present claims. 
Appellants respectfully submit that in the absence of a cognizable reason to modify the 
claims of the '737 application to contain the features of the present claims, the Examiner has 
failed to establish a prima facie case of obviousness. Furthermore, the present application 
was filed prior to U.S. Patent Application No. 1 1/841,737. Therefore it would be appropriate 
for the Office to withdraw the provisional rejection and allow the present application to 
issue. 

Therefore, the rejection should be overtumed and such action is respectfully 
requested. 
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D, Conclusion 

In view of the forgoing, each of the rejections on appeal should be overturned. 
Appellants respectfully request that the Board issue an order overturning each of the 
rejections on appeal and directing that the application be allowed to issue. 

VIII, Claims Appendix 

See attached Claims Appendix for a copy of the claims involved in the appeal. 

IX, Evidence Appendix 

See attached Evidence Appendix for copies of evidence relied upon by Appellant. 

X, Related Proceedings Appendix 

See attached Related Proceedings Appendix for copies of decisions identified in 
Section II, supra . 

Respectfully submitted, 

Buchanan Ingersoll & Rooney pc 
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VIII. CLAIMS APPENDIX 



The Appealed Claims 

A listing of all the pending claims is presented. Claims 22, 26, 42, 53, 54, 56, 58, 63- 
69, 100-103, 109 and 115-122 stand rejected and are the subject of this appeal. 

Claim 1 (Withdrawn) A method for reducing the phenotypic expression of a nucleic acid of 
interest, which is normally capable of being expressed in a plant cell, comprising the 
step of introducing into said plant cell a chimeric DNA comprising the following 
operably linked parts: 

a) a promoter, operative in said plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule comprising 
an RNA region capable of forming an artificial hairpin RNA structure 
comprising two annealing RNA sequences, 

wherein one of the annealing RNA sequences of the hairpin RNA 
structure comprises a sense sequence that is identical to at least 20 consecutive 
nucleotides of the nucleotide sequence of said nucleic acid of interest, 

and wherein the second of said annealing RNA sequences comprises 
an antisense sequence that is identical to at least 20 consecutive nucleotides of 
the complement of at least part of said nucleotide sequence of said nucleic 
acid of interest, 

and wherein said DNA region comprises an intron heterologous to said 
sense sequence; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claim 2 (Withdrawn) A method for reducing the phenotypic expression of a nucleic acid of 
interest, which is normally capable of being expressed in a plant cell, comprising the 
step of introducing into said plant cell a chimeric DNA comprising the following 
operably linked parts: 

a) a promoter, operative in said plant cell; 
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b) a DNA region, which when transcribed, yields an RNA molecule with 
a nucleotide sequence comprising 

i) a sense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide sequence of said nucleic 
acid of interest; and 

ii) an antisense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with the 
complement of said at least 20 consecutive nucleotides of said sense 
nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure with a double stranded RNA stem by base-pairing between the 
regions with sense and antisense nucleotide sequence such that said at least 20 
consecutive nucleotides of the sense sequence basepair with said at least 20 
consecutive nucleotides of the antisense sequence, 

and wherein said DNA region comprises an intron heterologous to said 
sense nucleotide sequence; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claim 3 (Withdrawn) The method of claim 2, wherein said RNA molecule further comprises 
a spacer nucleotide sequence located between said sense and said antisense nucleotide 
sequence. 

Claim 4 (Withdrawn) The method of claim 2, wherein said sense nucleotide sequence 

comprises at least about 550 consecutive nucleotides having 100% sequence identity 
with at least about 550 consecutive nucleotides of the nucleotide sequence of said 
nucleic acid of interest. 



Claim 



5 (Withdrawn) The method of claim 2, wherein said nucleic acid of interest is a gene 
integrated in the genome of said plant cell. 

Claims Appendix - 2 



Claim 6 (Previously Presented) The method of claim 5, wherein said gene is an 
endogenous gene. 

Claim 7 (Withdrawn) The method of claim 5, wherein said gene is a foreign 
transgene. 

Claim 8 (Withdrawn) The method of claim 2, wherein said chimeric DNA is stably integrated 
in the genome of said plant cell. 

Claim 9 (Withdrawn) The method of claim 2, wherein said nucleic acid of interest is 
comprised in the genome of an infecting virus. 

Claim 10 (Withdrawn) The method of claim 9, wherein said infecting virus is an RNA 

virus. 

Claim 11 (Canceled). 

Claim 12 (Withdrawn) The method of claim 2, wherein said plant cell is comprised within a 
plant. 

Claims 13-21 (Canceled). 

Claim 22 (Previously Presented) A plant cell, comprising a nucleic acid of interest, which is 
normally capable of being pheno typically expressed, further comprising a chimeric 
DNA molecule comprising the following operably linked parts: 

a) a promoter, operative in said plant cell; 
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b) a DNA region, which when transcribed, yields an RNA molecule with 
at least one RNA region with a nucleotide sequence comprising 

i) a sense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide sequence of the nucleic 
acid of interest; and 

ii) an antisense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with the 
complement of said at least 20 consecutive nucleotides of said sense 
nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure with a double stranded RNA stem by base-pairing between the 
regions with sense and antisense nucleotide sequence, 

and wherein said DNA region comprises an intron heterologous to said 
sense nucleotide sequence; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 



Claims 23-25 (Canceled). 



Claim 26 (Previously presented) A plant comprising the plant cell of claim 22. 



Claims 27-39 (Canceled). 



Claim 40 (Withdrawn) The method of claim 2, wherein said intron is located between part of 
said DNA region which when transcribed yields said sense nucleotide sequence and 
part of said DNA region which when transcribed yields said antisense nucleotide 
sequence. 
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Claim 41 (Canceled). 



Claim 42 (Previously presented) The plant cell of claim 22, wherein said intron is located 

between part of said DNA region which when transcribed yields said sense nucleotide 
sequence and part of said DNA region which when transcribed yields said antisense 
nucleotide sequence. 

Claim 43 (Withdrawn) The method of claim 2, wherein said sense nucleotide sequence 

includes at least 50 consecutive nucleotides having 100% sequence identity with at 
least 50 consecutive nucleotides of the nucleotide sequence of said nucleic acid of 
interest, and said antisense nucleotide sequence includes at least 50 consecutive 
nucleotides having 100% sequence identity with the complement of said at least 50 
consecutive nucleotides of said sense nucleotide sequence. 

Claim 44 (Previously Presented) The method of claim 2, wherein said sense nucleotide 

sequence includes at least 100 consecutive nucleotides having 100% sequence identity 
with at least 100 consecutive nucleotides of the nucleotide sequence of said nucleic 
acid of interest, and said antisense nucleotide sequence includes at least 100 
consecutive nucleotides having 100% sequence identity with the complement of said 
at least 100 consecutive nucleotides of said sense nucleotide sequence. 

Claim 45 (Canceled). 

Claim 46 (Previously Presented) The method of claim 43 wherein said intron is located 
between the DNA region encoding said sense nucleotide sequence and the DNA 
region encoding said antisense nucleotide sequence. 

Claims 47-49 (Canceled). 
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Claim 50 (Withdrawn) The method of claim 44, wherein said intron is located between part 
of said DNA region which when transcribed yields said sense nucleotide sequence 
and part of said DNA region which when transcribed yields said antisense nucleotide 
sequence. 

Claims 51-52 (Canceled). 

Claim 53 (Previously Presented) The plant cell of claim 22, wherein said sense nucleotide 

sequence includes at least 50 consecutive nucleotides having 100% sequence identity 
with at least 50 consecutive nucleotides of the nucleotide sequence of said nucleic 
acid of interest, and said antisense nucleotide sequence includes at least 50 
consecutive nucleotides having 100% sequence identity with the complement of said 
at least 50 consecutive nucleotides of said sense nucleotide sequence. 

Claim 54 (Previously Presented) The plant cell of claim 22, wherein said sense nucleotide 

sequence includes at least 100 consecutive nucleotides having 100% sequence identity 
with at least 100 consecutive nucleotides of the nucleotide sequence of said nucleic 
acid of interest, and said antisense nucleotide sequence includes at least 100 
consecutive nucleotides having 100% sequence identity with the complement of said 
at least 100 consecutive nucleotides of said sense nucleotide sequence. 

Claim 55 (Canceled). 

Claim 56 (Previously Presented) The plant cell of claim 53, wherein said intron is located 

between part of said DNA region which when transcribed yields said sense nucleotide 
sequence and part of said DNA region which when transcribed yields said antisense 
nucleotide sequence. 

Claim 57 (Canceled). 
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Claim 58 (Previously Presented) The plant cell of claim 54, wherein said intron is located 

between part of said DNA region which when transcribed yields said sense nucleotide 
sequence and part of said DNA region which when transcribed yields said antisense 
nucleotide sequence. 

Claims 59-62 (Canceled). 

Claim 63 (Previously Presented) A chimeric DNA comprising the following operably 
linked parts: 

a) a promoter, operative in a plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule 
comprising an RNA region capable of forming an artificial hairpin RNA 
structure comprising two annealing RNA sequences, 

wherein one of the annealing RNA sequences of the hairpin RNA 
structure comprises a sense sequence identical to at least 20 consecutive 
nucleotides of the nucleotide sequence of a nucleic acid of interest, 

and wherein the second of said annealing RNA sequences comprises 
an antisense sequence identical to at least 20 consecutive nucleotides of the 
complement of at least part of said nucleotide sequence of said nucleic acid of 
interest, 

and wherein said DNA region comprises an intron heterologous to said 
sense sequence; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

64 (Previously Presented) A chimeric DNA comprising the following operably 

a) a promoter, operative in a plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule with 
a nucleotide sequence comprising 



Claim 
linked parts: 
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i) a sense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide sequence of a nucleic acid 
of interest; and 

ii) an antisense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with the 
complement of said at least 20 consecutive nucleotides of said sense 
nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin RNA 
structure with a double stranded RNA stem by base-pairing between the regions with 
sense and antisense nucleotide sequence such that said at least 20 consecutive 
nucleotides of the sense sequence basepair with said at least 20 consecutive 
nucleotides of the antisense sequence, 

wherein said DNA region comprises an intron heterologous to said region with 
sense nucleotide sequence; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claim 65 (Previously presented) The chimeric DNA of claim 64, wherein said intron is 

located between part of said DNA region which when transcribed yields said sense 
nucleotide sequence and part of said DNA region which when transcribed yields said 
antisense nucleotide sequence. 

Claim 66 (Previously Presented) The chimeric DNA of claim 64, wherein said sense 
nucleotide sequence includes at least 50 consecutive nucleotides having 100% 
sequence identity with at least 50 consecutive nucleotides of the nucleotide sequence 
of said nucleic acid of interest, and said antisense nucleotide sequence includes at 
least 50 consecutive nucleotides having 100% sequence identity with the complement 
of said at least 50 consecutive nucleotides of said sense nucleotide sequence. 



Claims Appendix - 8 



Claim 67 (Previously Presented) The chimeric DNA of claim 64, wherein said sense 

nucleotide sequence includes at least 100 consecutive nucleotides having 100% 
sequence identity with at least 100 consecutive nucleotides of the nucleotide sequence 
of said nucleic acid of interest, and said antisense nucleotide sequence includes at 
least 100 consecutive nucleotides having 100% sequence identity with the 
complement of said at least 100 consecutive nucleotides of said sense nucleotide 
sequence. 

Claim 68 (Previously presented) The chimeric DNA of claim 66, wherein said intron is 

located between part of said DNA region which when transcribed yields said sense 
nucleotide sequence and part of said DNA region which when transcribed yields said 
antisense nucleotide sequence. 

Claim 69 (Previously presented) The chimeric DNA of claim 67, wherein said intron is 

located between part of said DNA region which when transcribed yields said sense 
nucleotide sequence and part of said DNA region which when transcribed yields said 
antisense nucleotide sequence. 

Claims 70-97 (Canceled). 

Claim 98 (Withdrawn) A method for reducing the phenotypic expression of a nucleic acid of 
interest, which is normally capable of being expressed in a plant cell, comprising the 
step of introducing into said plant cell a chimeric DNA comprising the following 
operably linked parts: 

a) a promoter, operative in said plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule 
comprising an RNA region capable of forming an artificial hairpin RNA 
structure comprising two annealing RNA sequences, 

wherein one of the annealing RNA sequences of the hairpin RNA 
structure comprises a sense sequence identical to at least 20 consecutive 
nucleotides of the nucleotide sequence of said nucleic acid of interest. 

Claims Appendix - 9 



and wherein the second of said annealing RNA sequences comprises 
an antisense sequence identical to at least 20 consecutive nucleotides of the 
complement of at least part of said nucleotide sequence of said nucleic acid of 
interest, 

and wherein said DNA region comprises an intron ; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claim 99 (Withdrawn) A method for reducing the phenotypic expression of a nucleic acid of 
interest, which is normally capable of being expressed in a plant cell, comprising the 
step of introducing into said plant cell, a chimeric DNA comprising the following 
operably linked parts: 

a) a promoter, operative in said plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule with 
a nucleotide sequence comprising 

i) a sense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide sequence of said nucleic 
acid of interest; and 

ii) an antisense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with the 
complement of said at least 20 consecutive nucleotides of said sense 
nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure with a double stranded RNA stem by base-pairing between the 
regions with sense and antisense nucleotide sequence such that said at least 20 
consecutive nucleotides of the sense sequence basepair with said at least 20 
consecutive nucleotides of the antisense sequence, 

and wherein said DNA region comprises an intron ; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claims Appendix - 10 



Claim 100 (Previously Presented) A plant cell, comprising a nucleic acid of interest, which is 
normally capable of being pheno typically expressed, further comprising a chimeric 
DNA molecule comprising the following operably linked parts: 

a) a promoter, operative in said plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule with 
at least one RNA region with a nucleotide sequence comprising 

i) a sense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide sequence of the nucleic 
acid of interest; and 

ii) an antisense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with the 
complement of said at least 20 consecutive nucleotides of said sense 
nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure with a double stranded RNA stem by base-pairing between the 
regions with sense and antisense nucleotide sequence, 

and wherein said DNA region comprises an intron ; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claim 101 (Previously presented) A plant comprising the plant cell of claim 100. 

Claim 102 (Previously Presented) A chimeric DNA comprising the following operably linked 
parts: 

a) a promoter, operative in a plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule 
comprising an RNA region capable of forming an artificial hairpin RNA 
structure comprising two annealing RNA sequences. 

Claims Appendix - 1 1 



wherein one of the annealing RNA sequences of the hairpin RNA 
structure comprises a sense sequence identical to at least 20 consecutive 
nucleotides of the nucleotide sequence of a nucleic acid of interest, and 
wherein the second of said annealing RNA sequences comprises an antisense 
sequence identical to at least 20 consecutive nucleotides of the complement of 
at least part of said nucleotide sequence of said nucleic acid of interest, 

and wherein said DNA region comprises an intron; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claim 103 (Previously Presented) A chimeric DNA comprising the following operably linked 
parts: 

a) a promoter, operative in a plant cell; 

b) a DNA region, which when transcribed, yields an RNA molecule with 
a nucleotide sequence comprising 

i) a sense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with at least 
20 consecutive nucleotides of the nucleotide sequence of a nucleic acid 
of interest; and 

ii) an antisense nucleotide sequence including at least 20 
consecutive nucleotides having 100% sequence identity with the 
complement of said at least 20 consecutive nucleotides of said sense 
nucleotide sequence; 

wherein the RNA is capable of forming an artificial hairpin 
RNA structure with a double stranded RNA stem by base-pairing between the 
regions with sense and antisense nucleotide sequence such that said at least 20 
consecutive nucleotides of the sense sequence basepair with said at least 20 
consecutive nucleotides of the antisense sequence, 

and wherein said DNA region comprises an intron ; and 

c) a DNA region involved in transcription termination and 
polyadenylation. 

Claims Appendix - 12 



Claims 104-108 (Canceled). 



Claim 109 (Previously Presented) The chimeric DNA of claim 64, wherein said RNA 

molecule further comprises a spacer nucleotide sequence located between said sense 
and said antisense nucleotide sequence. 

Claim 110 (Canceled). 

Claim 111 (Withdrawn) The method of claim 99, wherein said RNA molecule further 

comprises a spacer nucleotide sequence located between said sense and said antisense 
nucleotide sequences. 

Claim 1 12 (Withdrawn) The method of claim 99, wherein said intron is located between part 
of said DNA region which when transcribed yields said sense nucleotide sequence 
and part of said DNA region which when transcribed yields said antisense nucleotide 
sequence. 

Claim 113 (Withdrawn) The method of claim 99, wherein said sense nucleotide sequence 
includes at least 50 consecutive nucleotides having 100% sequence identity with at 
least 50 consecutive nucleotides of the nucleotide sequence of said nucleic acid of 
interest, and said antisense nucleotide sequence includes at least 50 consecutive 
nucleotides having 100% sequence identity with the complement of said at least 50 
consecutive nucleotides of said sense nucleotide sequence. 

Claim 114 (Withdrawn) The method of claim 113, wherein said intron is located between 
part of said DNA region which when transcribed yields said sense nucleotide 
sequence and part of said DNA region which when transcribed yields said antisense 
nucleotide sequence. 
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Claim 115 (Previously Presented) The plant cell of claim 100, wherein said RNA molecule 
further comprises a spacer nucleotide sequence located between said sense and said 
antisense nucleotide sequences. 

Claim 116 (Previously Presented) The plant cell of claim 100, wherein said intron is located 
between part of said DNA region which when transcribed yields said sense nucleotide 
sequence and part of said DNA region which when transcribed yields said antisense 
nucleotide sequence. 

Claim 117 (Previously Presented) The plant cell of claim 100, wherein said sense nucleotide 
sequence includes at least 50 consecutive nucleotides having 100% sequence identity 
with at least 50 consecutive nucleotides of the nucleotide sequence of said nucleic 
acid of interest, and said antisense nucleotide sequence includes at least 50 
consecutive nucleotides having 100% sequence identity with the complement of said 
at least 50 consecutive nucleotides of said sense nucleotide sequence. 

Claim 118 (Previously Presented) The plant cell of claim 117, wherein said intron is located 
between part of said DNA region which when transcribed yields said sense nucleotide 
sequence and part of said DNA region which when transcribed yields said antisense 
nucleotide sequence. 

Claim 119 (Previously Presented) The chimeric DNA of claim 103, wherein said RNA 

molecule further comprises a spacer nucleotide sequence located between said sense 
and said antisense nucleotide sequences. 

Claim 120 (Previously Presented) The chimeric DNA of claim 103, wherein said intron is 
located between part of said DNA region which when transcribed yields said sense 
nucleotide sequence and part of said DNA region which when transcribed yields said 
antisense nucleotide sequence. 
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Claim 121 (Previously Presented) The chimeric DNA of claim 103, wherein said sense 
nucleotide sequence includes at least 50 consecutive nucleotides having 100% 
sequence identity with at least 50 consecutive nucleotides of the nucleotide sequence 
of said nucleic acid of interest, and said antisense nucleotide sequence includes at 
least 50 consecutive nucleotides having 100% sequence identity with the complement 
of said at least 50 consecutive nucleotides of said sense nucleotide sequence. 



Claim 122 (Previously Presented) The chimeric DNA of claim 121, wherein said intron is 
located between part of said DNA region which when transcribed yields said sense 
nucleotide sequence and part of said DNA region which when transcribed yields said 
antisense nucleotide sequence. 



Claims 123-134 (Canceled). 
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GENETIC INHIBITION BY 
DOUBLE-STRANDED RNA 

RELATED APPLICATION 

This application claims the benefit of U.S. Provisional 
Appln. No. 60/068,562, filed Dec. 23, 1997. +gi 

GOVERNMENT RIGHTS 

This invention was made with U.S. government support lo 
under grant numbers GM-37706, GM-17164, HD-33769 
and GM-07231 awarded by the National Institutes of Health. 
The U.S. government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to gene-specific inhibition of 
gene expression by double-stranded ribonucleic acid 
(dsRNA). 

2. Description of the Related Art '^^ 
Targeted inhibition of gene expression has been a long- 
felt need in biotechnology and genetic engineering. 
Although a major investment of effort has been made to 
achieve this goal, a more comprehensive solution to this 
problem was still needed. 

Classical genetic techniques have been used to isolate 
mutant organisms with reduced expression of selected 
genes. Although valuable, such techniques require laborious 
mutagenesis and screening programs, are limited to organ- 
isms in which genetic manipulation is well established (e.g., 
the existence of selectable markers, the ability to control 
genetic segregation and sexual reproduction), and are lim- 
ited to applications in which a large number of cells or 
organisms can be sacrificed to isolate the desired mutation. 
Even under these circumstances, classical genetic tech- 35 
niques can fail to produce mutations in specific target genes 
of interest, particularly when complex genetic pathways are 
involved. Many applications of molecular genetics require 
the ability to go beyond classical genetic screening tech- 
niques and efficiently produce a directed change in gene 40 
expression in a specified group of cells or organisms. Some 
such applications are knowledge-based projects in which it 
is of importance to understand what effects the loss of a 
specific gene product (or products) will have on the behavior 
of the cell or organism. Other applications are engineering 
based, for example: cases in which is important to produce 
a population of cells or organisms in which a specific gene 
product (or products) has been reduced or removed. A 
further class of applications is therapeutically based in 
which it would be valuable for a functioning organism (e.g., 
a human) to reduce or remove the amount of a specified gene 
product (or products). Another class of applications provides 
a disease model in which a physiological function in a living 
organism is genetically manipulated to reduce or remove a 
specific gene product (or products) without making a per- 
manent change in the organism's genome. 55 

In the last few years, advances in nucleic acid chemistry 
and gene transfer have inspired new approaches to engineer 
specific interference with gene expression. These 
approaches are described below. 

60 

Use of Antisense Nucleic Acids to Engineer 
Interference 

Antisense technology has been the most commonly 
described approach in protocols to achieve gene-specific 
interference. For antisense strategies, stochiometric amounts 65 
of single-stranded nucleic acid complementary to the mes- 
senger RNA for the gene of interest are introduced into the 



cell. Some difficulties with antisense -based approaches 
relate to delivery, stability, and dose requirements. In 
general, cells do not have an uptake mechanism for single- 
stranded nucleic acids, hence uptake of unmodified single- 
stranded material is extremely inefficient. While waiting for 
uptake into cells, the single -stranded material is subject to 
degradation. Because antisense interference requires that the 
interfering material accumulate at a relatively high concen- 
tration (at or above the concentration of endogenous 
mRNA), the amount required to be delivered is a major 
constraint on efficacy. As a consequence, much of the effort 
in developing antisense technology has been focused on the 
production of modified nucleic acids that are both stable to 
nuclease digestion and able to diffuse readily into cells. The 
use of antisense interference for gene therapy or other 
whole-organism applications has been limited by the large 
amounts of oligonucleotide that need to be synthesized from 
non-natural analogs, the cost of such synthesis, and the 
difficulty even with high doses of maintaining a sufficiently 
concentrated and uniform pool of interfering material in 
each cell. 

Triple-Helix Approaches to Engineer Interference 

A second, proposed method for engineered interference is 
based on a triple helical nucleic acid structure. This 
approach relies on the rare ability of certain nucleic acid 
populations to adopt a triple-stranded structure. Under 
physiological conditions, nucleic acids are virtually all 
single- or double-stranded, and rarely if ever form triple- 
stranded structures. It has been known for some time, 
however, that certain simple purine- or pyrimidine-rich 
sequences could form a triple-stranded molecule in vitro 
under extreme conditions of pH (i.e., in a test tube). Such 
structures are generally very transient under physiological 
conditions, so that simple delivery of unmodified nucleic 
acids designed to produce triple-strand structures does not 
yield interference. As with antisense, development of triple- 
strand technology for use in vivo has focused on the devel- 
opment of modified nucleic acids that would be more stable 
and more readily absorbed by cells in vivo. An additional 
goal in developing this technology has been to produce 
modified nucleic acids for which the formation of triple- 
stranded material proceeds effectively at physiological pH. 

Co -Suppression Phenomena and Their Use in 
Genetic Engineering 

A third approach to gene-specific interference is a set of 
operational procedures grouped under the name "co- 
suppression". This approach was first described in plants and 
refers to the ability of transgenes to cause silencing of an 
unlinked but homologous gene. More recently, phenomena 
similar to co -suppression have been reported in two animals: 
C. elegans and Drosophila. Co-suppression was first 
observed by accident, with reports coming from groups 
using transgenes in attempts to achieve over-expression of a 
potentially useful locus. In some cases the over-expression 
was successful while, in many others, the result was oppo- 
site from that expected. In those cases, the transgenic plants 
actually showed less expression of the endogenous gene. 
Several mechanisms have so far been proposed for 
transgene-mediated co -suppression in plants; all of these 
mechanistic proposals remain hypothetical, and no definitive 
mechanistic description of the process has been presented. 
The models that have been proposed to explain 
co-suppression can be placed in two different categories. In 
one set of proposals, a direct physical interaction at the 
DNA- or chromatin-level between two different chromo- 
somal sites has been hypothesized to occur; an as-yet- 
unidentified mechanism would then lead to de novo methy- 
lation and subsequent suppression of gene expression. 
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Alternatively, some have postulated an RNA intermediate, 
synthesized at the transgene locus, which might then act to 
produce interference with the endogenous gene. The char- 
acteristics of the interfering RNA, as well as the nature of the 
interference process, have not been determined. Recently, a 
set of experiments with RNA viruses have provided some 
support for the possibility of RNA intermediates in the 
interference process. In these experiments, a replicating 
RNA virus is modified to include a segment from a gene of 
interest. This modified virus is then tested for its ability to 
interfere with expression of the endogenous gene. Initial 
results with this technique have been encouraging, however, 
the properties of the viral RNA that are responsible for 
interference effects have not been determined and, in any 
case, would be limited to plants which are hosts of the plant 
virus. 

Distinction Between the Present Invention and 
Antisense Approaches 

The present invention differs from antisense -mediated 
interference in both approach and effectiveness. Antisense- 
mediated genetic interference methods have a major chal- 
lenge: delivery to the cell interior of specific single -stranded 
nucleic acid molecules at a concentration that is equal to or 
greater than the concentration of endogenous mRNA. 
Double-stranded RNA-mediated inhibition has advantages 
both in the stability of the material to be delivered and the 
concentration required for effective inhibition. Below, we 
disclose that in the model organism C. elegans, the present 
invention is at least 100-fold more effective than an equiva- 
lent antisense approach (i.e., dsRNA is at least 100-fold 
more effective than the injection of purified antisense RNA 
in reducing gene expression). These comparisons also dem- 
onstrate that inhibition by double -stranded RNA must occur 
by a mechanism distinct from antisense interference. 

Distinction Between the Present Invention and 
Triple-Helix Approaches 

The limited data on triple strand formation argues against 
the involvement of a stable triple-strand intermediate in the 
present invention. Triple-strand structures occur rarely, if at 
all, under physiological conditions and are limited to very 
unusual base sequence with long runs of purines and pyri- 
midines. By contrast, dsRNA-mediated inhibition occurs 
efficiently under physiological conditions, and occurs with a 
wide variety of inhibitory and target nucleotide sequences. 
The present invention has been used to inhibit expression of 
18 different genes, providing phenocopies of null mutations 
in these genes of known function. The extreme environmen- 
tal and sequence constraints on triple-helix formation make 
it unlikely that dsRNA-mediated inhibition in C. elegans is 
mediated by a triple-strand structure. 

Distinction Between Present Invention and Co- 
Suppression Approaches 

The transgene-mediated genetic interference phenom- 
enon called co-suppression may include a wide variety of 
different processes. From the viewpoint of application to 
other types of organisms, the co-suppression phenomenon in 
plants is difficult to extend. A confounding aspect in creating 
a general technique based on co-suppression is that some 
transgenes in plants lead to suppression of the endogenous 
locus and some do not. Results in C. elegans and Drosophila 
indicate that certain transgenes can cause interference (i.e., 
a quantitative decrease in the activity of the corresponding 
endogenous locus) but that most transgenes do not produce 
such an effect. The lack of a predictable effect in plants, 
nematodes, and insects greatly limits the usefulness of 
simply adding transgenes to the genome to interfere with 
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gene expression. Viral-mediated co -suppression in plants 
appears to be quite effective, but has a number of drawbacks. 
First, it is not clear what aspects of the viral structure are 
critical for the observed interference. Extension to another 
5 system would require discovery of a virus in that system 
which would have these properties, and such a library of 
useful viral agents are not available for many organisms. 
Second, the use of a replicating virus within an organism to 
effect genetic changes (e.g., long- or short-term gene 
therapy) requires considerably more monitoring and over- 
sight for deleterious effects than the use of a defined nucleic 
acid as in the present invention. 

The present invention avoids the disadvantages of the 
previously-described methods for genetic interference. Sev- 
eral advantages of the present invention are discussed below, 
but numerous others will be apparent to one of ordinary skill 
in the biotechnology and genetic engineering arts. 

SUMMARY OF THE INVENTION 

20 A process is provided for inhibiting expression of a target 
gene in a cell. The process comprises introduction of RNA 
with partial or fully double -stranded character into the cell 
or into the extracellular environment. Inhibition is specific in 
that a nucleotide sequence from a portion of the target gene 

2^ is chosen to produce inhibitory RNA. We disclose that this 
process is (1) effective in producing inhibition of gene 
expression, (2) specific to the targeted gene, and (3) general 
in allowing inhibition of many different types of target gene. 

The target gene may be a gene derived from the cell, an 
endogenous gene, a transgene, or a gene of a pathogen which 
is present in the cell after infection thereof. Depending on 
the particular target gene and the dose of double stranded 
RNA material delivered, the procedure may provide partial 
or complete loss of function for the target gene. A reduction 
or loss of gene expression in at least 99% of targeted cells 
has been shown. Lower doses of injected material and longer 
times after administration of dsRNAmay result in inhibition 
in a smaller fraction of cells. Quantitation of gene expression 
in a cell may show similar amounts of inhibition at the level 
of accumulation of target mRNA or translation of target 

40 protein. 

The RNA may comprise one or more strands of polymer- 
ized ribonucleotide; it may include modifications to either 
the phosphate-sugar backbone or the nucleoside. The 
double -stranded structure may be formed by a single self- 

45 complementary RNA strand or two complementary RNA 
strands. RNA duplex formation may be initiated either 
inside or outside the cell. The RNA may be introduced in an 
amount which allows delivery of at least one copy per cell. 
Higher doses of double -stranded material may yield more 
effective inhibition. Inhibition is sequence-specific in that 
nucleotide sequences corresponding to the duplex region of 
the RNA are targeted for genetic inhibition. RNA containing 
a nucleotide sequences identical to a portion of the target 
gene is preferred for inhibition. RNA sequences with 
insertions, deletions, and single point mutations relative to 
the target sequence have also been found to be effective for 
inhibition. Thus, sequence identity may optimized by align- 
ment algorithms known in the art and calculating the percent 
difference between the nucleotide sequences. Alternatively, 
the duplex region of the RNA may be defined functionally 

60 as a nucleotide sequence that is capable of hybridizing with 
a portion of the target gene transcript. 

The cell with the target gene may be derived from or 
contained in any organism (e.g., plant, animal, protozoan, 
virus, bacterium, or fungus). RNA may be synthesized either 

65 in vivo or in vitro. Endogenous RNA polymerase of the cell 
may mediate transcription in vivo, or cloned RNA poly- 
merase can be used for transcription in vivo or in vitro. For 
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transcription from a transgene in vivo or an expression 
construct, a regulatory region may be used to transcribe the 
RNA strand (or strands). 

The RNA may be directly introduced into the cell (i.e., 
intracellularly); or introduced extracellularly into a cavity, 5 
interstitial space, into the circulation of an organism, intro- 
duced orally, or may be introduced by bathing an organism 
in a solution containing RNA. Methods for oral introduction 
include direct mixing of RNA with food of the organism, as 
well as engineered approaches in which a species that is used 
as food is engineered to express an RNA, then fed to the 
organism to be affected. Physical methods of introducing 
nucleic acids include injection directly into the cell or 
extracellular injection into the organism of an RNAsolution. 

The advantages of the present invention include: the ease 
of introducing double-stranded RNA into cells, the low 
concentration of RNA which can be used, the stability of 
double-stranded RNA, and the effectiveness of the inhibi- 
tion. The ability to use a low concentration of a naturally- 
occurring nucleic acid avoids several disadvantages of anti- 
sense interference. This invention is not limited to in vitro '^^ 
use or to specific sequence compositions, as are techniques 
based on triple-strand formation. And unlike antisense 
interference, triple-strand interference, and co -suppression, 
this invention does not suffer from being limited to a 
particular set of target genes, a particular portion of the 25 
target gene's nucleotide sequence, or a particular transgene 
or viral delivery method. These concerns have been a serious 
obstacle to designing general strategies according to the 
prior art for inhibiting gene expression of a target gene of 
interest. 30 

Furthermore, genetic manipulation becomes possible in 
organisms that are not classical genetic models. Breeding 
and screening programs may be accelerated by the ability to 
rapidly assay the consequences of a specific, targeted gene 
disruption. Gene disruptions may be used to discover the 35 
function of the target gene, to produce disease models in 
which the target gene are involved in causing or preventing 
a pathological condition, and to produce organisms with 
improved economic properties. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows the genes used to study RNA-mediated 
genetic inhibition in C. elegans. Intron-exon structure for 
genes used to test RNA-mediated inhibition are shown 
(exons: filled boxes; introns: open boxes; 5' and 3' untrans- 45 
lated regions: shaded; unc-22^, unc-54"^^, fem-l"^"^, and hlh- 

FIGS. 2A-I show analysis of inhibitory RNA effects in 
individual cells. These experiments were carried out in a 
reporter strain (called PD4251) expressing two different 5Q 
reporter proteins, nuclear GFP-LacZ and mitochondrial 
GFP. The micrographs show progeny of injected animals 
visualized by a fluorescence microscope. Panels A (young 
larva), B (adult), and C (adult body wall; high 
magnification) result from injection of a control RNA (ds- 
unc22A). Panels D-F show progeny of animals injected 
with ds-gfpG. Panels G-I demonstrate specificity. Animals 
are injected with ds-lacZL RNA, which should affect the 
nuclear but not the mitochondrial reporter construct. Panel H 
shows a typical adult, with nuclear GFP-LacZ lacking in 
almost all body-wall muscles but retained in vulval muscles. 
Scale bars are 20 fjm. 

FIGS. 3A-D show effects of double -stranded RNA cor- 
responding to mex-3 on levels of the endogenous mRNA. 
Micrographs show in situ hybridization to embryos (dark 
stain). Panel A: Negative control showing lack of staining in 65 
the absence of hybridization probe. Panel B: Embryo from 
uninjected parent (normal pattern of endogenous mex-3 
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RNA^°). Panel C: Embryo from a parent injected with 
purified mex-3B antisense RNA. These embryos and the 
parent animals retain the mex-3 mRNA, although levels may 
have been somewhat less than wild type. Panel D: Embryo 
from a parent injected with dsRNA corresponding to mex- 
3B; no mex-3 RNA was detected. Scale: each embryo is 
approximately 50 fjm in length. 

FIG. 4 shows inhibitory activity of unc-22Aas a function 
of structure and concentration. The main graph indicates 
fractions in each behavioral class. Embryos in the uterus and 
already covered with an eggshell at the time of injection 
were not affected and, thus, are not included. Progeny cohort 
groups are labeled 1 for 0-6 hours, 2 for 6-15 hours, 3 for 
15-27 hours, 4 for 27-41 hours, and 5 for 41-56 hours The 
bottom-left diagram shows genetically derived relationship 
between unc-22 gene dosage and behavior based on analyses 
of unc-22 heterozygotes and polyploids''^. 

FIGS. 5A-C show examples of genetic inhibition follow- 
ing ingestion by C. elegans of dsRNAs from expressing 
bacteria. Panel A: General strategy for production of dsRNA 
by cloning a segment of interest between flanking copies of 
the bacteriophage T7 promoter and transcribing both strands 
of the segment by transfecting a bacterial strain (BL21/DE3) 

expressing the T7 polymerase gene from an inducible 
(Lac) promoter. Panel B: A GFP-expressing C. elegans 
strain, PD4251 (see FIG. 2), fed on a native bacterial host. 
Panel C: PD4251 animals reared on a diet of bacteria 
expressing dsRNA corresponding to the coding region for 
gfp- 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention provides a method of producing 
sequence-specific inhibition of gene expression by introduc- 
ing double -stranded RNA (dsRNA). A process is provided 
for inhibiting expression of a target gene in a cell. The 
process comprises introduction of RNA with partial or fully 
double-stranded character into the cell. Inhibition is 
sequence-specific in that a nucleotide sequence from a 
portion of the target gene is chosen to produce inhibitory 
RNA. We disclose that this process is (1) effective in 
producing inhibition of gene expression, (2) specific to the 
targeted gene, and (3) general in allowing inhibition of many 
different types of target gene. 

The target gene may be a gene derived from the cell (i.e., 
a cellular gene), an endogenous gene (i.e., a cellular gene 
present in the genome), a transgene (i.e., a gene construct 
inserted at an ectopic site in the genome of the cell), or a 
gene from a pathogen which is capable of infecting an 
organism from which the cell is derived. Depending on the 
particular target gene and the dose of double stranded RNA 
material delivered, this process may provide partial or 
complete loss of function for the target gene. A reduction or 
loss of gene expression in at least 99% of targeted cells has 
been shown. 

Inhibition of gene expression refers to the absence (or 
observable decrease) in the level of protein and/or mRNA 
product from a target gene. Specificity refers to the ability to 
inhibit the target gene without manifest effects on other 
genes of the cell. The consequences of inhibition can be 
confirmed by examination of the outward properties of the 
cell or organism (as presented below in the examples) or by 
biochemical techniques such as RNAsolution hybridization, 
nuclease protection. Northern hybridization, reverse 
transcription, gene expression monitoring with a microarray, 
antibody binding, enzyme linked immunosorbent assay 
(ELISA), Western blotting, radioimmunoassay (RIA), other 
immunoassays, and fluorescence activated cell analysis 
(FACS). For RNA-mediated inhibition in a cell line or whole 
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organism, gene expression is conveniently assayed by use of 
a reporter or drug resistance gene whose protein product is 
easily assayed. Such reporter genes include acetohydroxy- 
acid synthase (AHAS), alkaline phosphatase (AP), beta 
galactosidase (LacZ), beta glucoronidase (GUS), chloram- 5 
phenicol acetyltransferase (CAT), green fluorescent protein 
(GFP), horseradish peroxidase (HRP), luciferase (Luc), 
nopaline synthase (NOS), octopine synthase (OCS), and 
derivatives thereof. Multiple selectable markers are avail- 
able that confer resistance to ampicillin, bleomycin, 
chloramphenicol, gentamycin, hygromycin, kanamycin, 
lincomycin, methotrexate, phosphinothricin, puromycin, 
and tetracyclin. 

Depending on the assay, quantitation of the amount of 
gene expression allows one to determine a degree of inhi- 
bition which is greater than 10%, 33%, 50%, 90%, 95% or 
99% as compared to a cell not treated according to the 
present invention. Lower doses of injected material and 
longer times after administration of dsRNA may result in 
inhibition in a smaller fraction of cells (e.g., at least 10%, 
20%, 50%, 75%, 90%, or 95% of targeted cells). Quantita- 20 
tion of gene expression in a cell may show similar amounts 
of inhibition at the level of accumulation of target mRNA or 
translation of target protein. As an example, the efficiency of 
inhibition may be determined by assessing the amount of 
gene product in the cell: mRNA may be detected with a 25 
hybridization probe having a nucleotide sequence outside 
the region used for the inhibitory double -stranded RNA, or 
translated polypeptide may be detected with an antibody 
raised against the polypeptide sequence of that region. 

The RNA may comprise one or more strands of polymer- 3Q 
ized ribonucleotide. It may include modifications to either 
the phosphate-sugar backbone or the nucleoside. For 
example, the phosphodiester linkages of natural RNA may 
be modified to include at least one of a nitrogen or sulfur 
heteroatom. Modifications in RNA structure may be tailored 
to allow specific genetic inhibition while avoiding a general 
panic response in some organisms which is generated by 
dsRNA. Likewise, bases may be modified to block the 
activity of adenosine deaminase. RNA may be produced 
enzymatically or by partial/total organic synthesis, any 
modified ribonucleotide can be introduced by in vitro enzy- 40 
matic or organic synthesis. 

The double-stranded structure may be formed by a single 
self-complementary RNA strand or two complementary 
RNA strands. RNA duplex formation may be initiated either 
inside or outside the cell. The RNA may be introduced in an 45 
amount which allows delivery of at least one copy per cell. 
Higher doses (e.g., at least 5, 10, 100, 500 or 1000 copies per 
cell) of double-stranded material may yield more effective 
inhibition; lower doses may also be useful for specific 
applications. Inhibition is sequence-specific in that nucle- 50 
otide sequences corresponding to the duplex region of the 
RNA are targeted for genetic inhibition. 

RNA containing a nucleotide sequences identical to a 
portion of the target gene are preferred for inhibition. RNA 
sequences with insertions, deletions, and single point muta- 
tions relative to the target sequence have also been found to 
be effective for inhibition. Thus, sequence identity may 
optimized by sequence comparison and alignment algo- 
rithms known in the art (see Gribskov and Devereux, 
Sequence Analysis Primer, Stockton Press, 1991, and refer- 
ences cited therein) and calculating the percent difference 
between the nucleotide sequences by, for example, the 
Smith-Waterman algorithm as implemented in the BESTFIT 
software program using default parameters (e.g.. University 
of Wisconsin Genetic Computing Group). Greater than 90% 
sequence identity, or even 100% sequence identity, between 65 
the inhibitory RNA and the portion of the target gene is 
preferred. Alternatively, the duplex region of the RNA may 
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be defined functionally as a nucleotide sequence that is 
capable of hybridizing with a portion of the target gene 
transcript (e.g., 400 mM NaCl, 40 mM PIPES pH 6.4, 1 mM 
EDTA, 50° C. or 70° C. hybridizafion for 12-16 hours; 
followed by washing). The length of the identical nucleotide 
sequences may be at least 25, 50, 100, 200, 300 or 400 bases. 

As disclosed herein, 100% sequence identity between the 
RNA and the target gene is not required to practice the 
present invention. Thus the invention has the advantage of 
being able to tolerate sequence variations that might be 
expected due to genetic mutation, strain polymorphism, or 
evolutionary divergence. 

The cell with the target gene may be derived from or 
contained in any organism. The organism may a plant, 
animal, protozoan, bacterium, virus, or fungus. The plant 
may be a monocot, dicot or gymnosperm; the animal may be 
a vertebrate or invertebrate. Preferred microbes are those 
used in agriculture or by industry, and those that are patho- 
genic for plants or animals. Fungi include organisms in both 
the mold and yeast morphologies. 

Plants include arabidopsis; field crops (e.g., alfalfa, 
barley, bean, corn, cotton, flax, pea, rape, rice, rye, safflower, 
sorghum, soybean, sunflower, tobacco, and wheat); veg- 
etable crops (e.g., asparagus, beet, broccoli, cabbage, carrot, 
cauliflower, celery, cucumber, eggplant, lettuce, onion, 
pepper, potato, pumpkin, radish, spinach, squash, taro, 
tomato, and zucchini); fruit and nut crops (e.g., almond, 
apple, apricot, banana, blackberry, blueberry, cacao, cherry, 
coconut, cranberry, date, fajoa, filbert, grape, grapefruit, 
guava, kiwi, lemon, lime, mango, melon, nectarine, orange, 
papaya, passion fruit, peach, peanut, pear, pineapple, 
pistachio, plum, raspberry, strawberry, tangerine, walnut, 
and watermelon); and ornamentals (e.g., alder, ash, aspen, 
azalea, birch, boxwood, camellia, carnation, 
chrysanthemum, elm, fir, ivy, jasmine, juniper, oak, palm, 
poplar, pine, redwood, rhododendron, rose, and rubber). 

Examples of vertebrate animals include fish, mammal, 
cattle, goat, pig, sheep, rodent, hamster, mouse, rat, primate, 
and human; invertebrate animals include nematodes, other 
worms, drosophila, and other insects. Representative gen- 
erae of nematodes include those that infect animals (e.g., 
Ancylo stoma, Ascaridia, Ascaris, Bunostomum, 
Caenorhabditis, Cap ill aria, Chabertia, Cooperia, 
Dictyocaulus, Haemonchus, Heterakis, Nematodirus, 
Oesophagostomum, Ostertagia, Oxyuris, Parascaris, 
Strongylus, Toxascaris, Trichuris, Trichostrongylus, 
Tfhchonema, Toxocara, Uncinaria) and those that infect 
plants (e.g., Bursaphalenchus, Criconemella, Diiylenchus, 
Ditylenchus, Globodera, Helicotylenchus, Heterodera, 
Longidorus, Melodoigyne, Nacobbus, Paratylenchus, 
Pratylenchus, Radopholus, Rotelynchus, Tylenchus, and 
Xiphinema). Representative orders of insects include 
Coleoptera, Diptera, Lepidoptera, and Homoptera. 

The cell having the target gene may be from the germ line 
or somatic, totipotent or pluripotent, dividing or non- 
dividing, parenchyma or epithelium, immortalized or 
transformed, or the like. The cell may be a stem cell or a 
differentiated cell. Cell types that are differentiated include 
adipocytes, fibroblasts, myocytes, cardiomyocytes, 
endothelium, neurons, glia, blood cells, megakaryocytes, 
lymphocytes, macrophages, neutrophils, eosinophils, 
basophils, mast cells, leukocytes, granulocytes, 
keratinocytes, chondrocytes, osteoblasts, osteoclasts, 
hepatocytes, and cells of the endocrine or exocrine glands. 

RNA may be synthesized either in vivo or in vitro. 
Endogenous RNA polymerase of the cell may mediate 
transcription in vivo, or cloned RNApolymerase can be used 
for transcription in vivo or in vitro. For transcription from a 
transgene in vivo or an expression construct, a regulatory 
region (e.g., promoter, enhancer, silencer, splice donor and 
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acceptor, polyadenylation) may be used to transcribe the 
RNA strand (or strands). Inhibition may be targeted by 
specific transcription in an organ, tissue, or cell type; stimu- 
lation of an environmental condition (e.g., infection, stress, 
temperature, chemical inducers); and/or engineering tran- 5 
scription at a developmental stage or age. The RNA strands 
may or may not be polyadenylated; the RNA strands may or 
may not be capable of being translated into a polypeptide by 
a cell's translational apparatus. RNA may be chemically or 
enzymatically synthesized by manual or automated reac- 
tions. The RNA may be synthesized by a cellular RNA 
polymerase or a bacteriophage RNA polymerase (e.g., T3, 
T7, SP6). The use and production of an expression construct 
are known in the art^^'^^'^^ (see also WO 97/32016; U.S. Pat. 
Nos. 5,593,874, 5,698,425, 5,712,135, 5,789,214, and 
5,804,693; and the references cited therein). If synthesized 
chemically or by in vitro enzymatic synthesis, the RNA may 
be purified prior to introduction into the cell. For example, 
RNA can be purified from a mixture by extraction with a 
solvent or resin, precipitation, electrophoresis, 
chromatography, or a combination thereof. Alternatively, the 20 
RNA may be used with no or a minimum of purification to 
avoid losses due to sample processing. The RNA may be 
dried for storage or dissolved in an aqueous solution. The 
solution may contain buffers or salts to promote annealing, 
and/or stabilization of the duplex strands. 25 

RNA may be directly introduced into the cell (i.e., 
intracellularly); or introduced extracellularly into a cavity, 
interstitial space, into the circulation of an organism, intro- 
duced orally, or may be introduced by bathing an organism 
in a solution containing the RNA. Methods for oral intro- 
duction include direct mixing of the RNA with food of the 
organism, as well as engineered approaches in which a 
species that is used as food is engineered to express the 
RNA, then fed to the organism to be affected. For example, 
the RNA may be sprayed onto a plant or a plant may be 
genetically engineered to express the RNA in an amount 
sufficient to kill some or all of a pathogen known to infect 
the plant. Physical methods of introducing nucleic acids, for 
example, injection directly into the cell or extracellular 
injection into the organism, may also be used. We disclose 
herein that in C. elegans, double-stranded RNA introduced 40 
outside the cell inhibits gene expression. Vascular or 
extravascular circulation, the blood or lymph system, the 
phloem, the roots, and the cerebrospinal fluid are sites where 
the RNA may be introduced. A transgenic organism that 
expresses RNA from a recombinant construct may be pro- 45 
duced by introducing the construct into a zygote, an embry- 
onic stem cell, or another multipotent cell derived from the 
appropriate organism. 

Physical methods of introducing nucleic acids include 
injection of a solution containing the RNA, bombardment by 5Q 
particles covered by the RNA, soaking the cell or organism 
in a solution of the RNA, or electroporation of cell mem- 
branes in the presence of the RNA. A viral construct 
packaged into a viral particle would accomplish both effi- 
cient introduction of an expression construct into the cell 
and transcription of RNA encoded by the expression con- 
struct. Other methods known in the art for introducing 
nucleic acids to cells may be used, such as lipid-mediated 
carrier transport, chemical-mediated transport, such as cal- 
cium phosphate, and the like. Thus the RNA may be 
introduced along with components that perform one or more 
of the following activities: enhance RNA uptake by the cell, 
promote annealing of the duplex strands, stabilize the 
annealed strands, or other-wise increase inhibition of the 
target gene. 

The present invention may be used to introduce RNA into 65 
a cell for the treatment or prevention of disease. For 
example, dsRNAmay be introduced into a cancerous cell or 
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tumor and thereby inhibit gene expression of a gene required 
for maintenance of the carcinogenic/tumorigenic phenotype. 
To prevent a disease or other pathology, a target gene may 
be selected which is required for initiation or maintenance of 
the disease/pathology. Treatment would include ameliora- 
tion of any symptom associated with the disease or clinical 
indication associated with the pathology. 

A gene derived from any pathogen may be targeted for 
inhibition. For example, the gene could cause immunosup- 
pression of the host directly or be essential for replication of 
the pathogen, transmission of the pathogen, or maintenance 
of the infection. The inhibitory RNA could be introduced in 
cells in vitro or ex vivo and then subsequently placed into an 
animal to affect therapy, or directly treated by in vivo 
administration. A method of gene therapy can be envisioned. 
For example, cells at risk for infection by a pathogen or 
already infected cells, particularly human immunodefi- 
ciency virus (HIV) infections, may be targeted for treatment 
by introduction of RNA according to the invention. The 
target gene might be a pathogen or host gene responsible for 
entry of a pathogen into its host, drug metabolism by the 
pathogen or host, replication or integration of the pathogen's 
genome, establishment or spread of an infection in the host, 
or assembly of the next generation of pathogen. Methods of 
prophylaxis (i.e., prevention or decreased risk of infection), 
as well as reduction in the frequency or severity of symp- 
toms associated with infection, can be envisioned. 

The present invention could be used for treatment or 
development of treatments for cancers of any type, including 
solid tumors and leukemias, including: apudoma, 
choristoma, branchioma, malignant carcinoid syndrome, 
carcinoid heart disease, carcinoma (e.g.. Walker, basal cell, 
basosquamous, Brown-Pearce, ductal, Ehrlich tumor, in situ, 
Krebs 2, Merkel cell, mucinous, non-small cell lung, oat 
cell, papillary, scirrhous, bronchiolar, bronchogenic, squa- 
mous cell, and transitional cell), histiocytic disorders, leu- 
kemia (e.g., B cell, mixed cell, null cell, T cell, T-cell 
chronic, HTLV-II-associated, lymphocytic acute, lympho- 
cytic chronic, mast cell, and myeloid), histiocytosis 
malignant, Hodgkin disease, immunoproliferative small, 
non-Hodgkin lymphoma, plasmacytoma, 
reticuloendotheliosis, melanoma, chondroblastoma, 
chondroma, chondrosarcoma, fibroma, fibrosarcoma, giant 
cell tumors, histiocytoma, lipoma, lip o sarcoma, 
mesothelioma, myxoma, myxosarcoma, osteoma, 
osteosarcoma, Ewing sarcoma, synovioma, adenofibroma, 
adenolymphoma, carcinosarcoma, chordoma, cranio- 
pharyngioma, dysgerminoma, hamartoma, mesenchymoma, 
mesonephroma, myosarcoma, ameloblastoma, cementoma, 
odontoma, teratoma, thymoma, trophoblastic tumor, 
adenocarcinoma, adenoma, cholangioma, cholesteatoma, 
cylindroma, cystadenocarcinoma, cystadenoma, granulosa 
cell tumor, gynandroblastoma, hepatoma, hidradenoma, islet 
cell tumor, Leydig cell tumor, papilloma, Sertoli cell tumor, 
thee a cell tumor, leiomyoma, leiomyosarcoma, 
myoblastoma, myoma, myosarcoma, rhabdomyoma, 
rhabdomyosarcoma, ependymoma, ganglioneuroma, 
glioma, medulloblastoma, meningioma, neurilemmoma, 
neuroblastoma, neuroepithelioma, neurofibroma, neuroma, 
paraganglioma, paraganglioma nonchromaffin, 
angiokeratoma, angio lymphoid hyperplasia with 
eosinophilia, angioma sclerosing, angiomatosis, 
glomangioma, hemangioendothelioma, hemangioma, 
hemangiopericytoma, hemangiosarcoma, lymphangioma, 
lymphangiomyoma, lymphangiosarcoma, pinealoma, 
carcinosarcoma, chondrosarcoma, cystosarcoma phyllodes, 
fibrosarcoma, hemangiosarcoma, leiomyosarcoma, 
leuko sarcoma, liposarcoma, lymphangiosarcoma, 
myosarcoma, myxosarcoma, ovarian carcinoma, 
rhabdomyosarcoma, sarcoma (e.g., Ewing, experimental, 
Kaposi, and mast cell), neoplasms (e.g., bone, breast, diges- 
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tive system, colorectal, liver, pancreatic, pituitary, testicular, 
orbital, head and neck, central nervous system, acoustic, 
pelvic, respiratory tract, and urogenital), neurofibromatosis, 
and cervical dysplasia, and for treatment of other conditions 
in which cells have become immortalized or transformed. 5 
The invention could be used in combination with other 
treatment modalities, such as chemotherapy, cryotherapy, 
hyperthermia, radiation therapy, and the like. 

As disclosed herein, the present invention may is not 
limited to any type of target gene or nucleotide sequence, 
But the following classes of possible target genes are listed 
for illustrative purposes: developmental genes (e.g., adhe- 
sion molecules, cyclin kinase inhibitors, Wnt family 
members. Pax family members. Winged helix family 
members, Hox family members, cytokines/lymphokines and 
their receptors, growth/differentiation factors and their 
receptors, neurotransmitters and their receptors); oncogenes 
(e.g., ABLl, BCLl, BCL2, BCL6, CBFA2, CBL, CSFIR, 
ERBA, ERBB, EBRB2, ETSl, ETSl, ETV6, PGR, POS, 
PYN, HCR, HRAS, JUN, KRAS, LCK, LYN, MDM2, 
MLL, MYB, MYC, MYCLl, MYCN, NRAS, PIMl, PML, 20 
RET, SRC, TALI, TCL3, and YES); tumor suppressor genes 
(e.g., APC, BRCAl, BRCA2, MADH4, MCC, NPl, NP2, 
RBI, TP53, and WTl); and enzymes (e.g., ACC synthases 
and oxidases, ACP desaturases and hydroxylases, ADP- 
glucose pyrophorylases, ATPases, alcohol dehydrogenases, 25 
amylases, amyloglucosidases, catalases, cellulases, chal- 
cone synthases, chitinases, eye lo oxygenases, 
decarboxylases, dextrinases, DNA and RNA polymerases, 
galactosidases, glucanases, glucose oxidases, granule-bound 
starch synthases, GTPases, helicases, hemicellulases, 
integrases, inulinases, invertases, isomerases, kinases, 
lactases, lipases, lipoxygenases, lysozymes, nopaline 
synthases, octopine synthases, pectinesterases, peroxidases, 
phosphatases, phospholipases, phosphorylases, phytases, 
plant growth regulator synthases, polygalacturonases, pro- 
teinases and peptidases, pullanases, recombinases, reverse 
transcriptases, RUBISCOs, topoisomerases, and xylanases). 

The present invention could comprise a method for pro- 
ducing plants with reduced susceptibility to climatic injury, 
susceptibility to insect damage, susceptibility to infection by 
a pathogen, or altered fruit ripening characteristics. The ^'^ 
targeted gene may be an enzyme, a plant structural protein, 
a gene involved in pathogenesis, or an enzyme that is 
involved in the production of a non-proteinaceous part of the 
plant (i.e., a carbohydrate or lipid). If an expression con- 
struct is used to transcribe the RNA in a plant, transcription 45 
by a wound- or stress-inducible; tissue-specific (e.g., fruit, 
seed, anther, flower, leaf, root); or otherwise regulatable 
(e.g., infection, light, temperature, chemical) promoter may 
be used. By inhibiting enzymes at one or more points in a 
metabolic pathway or genes involved in pathogenesis, the 5Q 
effect may be enhanced: each activity will be affected and 
the effects may be magnified by targeting multiple different 
components. Metabolism may also be manipulated by inhib- 
iting feedback control in the pathway or production of 
unwanted metabolic byproducts. 

The present invention may be used to reduce crop destruc- 
tion by other plant pathogens such as arachnids, insects, 
nematodes, protozoans, bacteria, or fungi. Some such plants 
and their pathogens are listed in Index of plant Diseases in 
the United States (U.S. Dept. of Agriculture Handbook No. 
165, 1960); Distribution of Plant-Parasitic Nematode Spe- 
cies in North America (Society of Nematologists, 1985); and 
Pungi on Plants and Plant Products in the United States 
(American Phytopathological Society, 1989). Insects with 
reduced ability to damage crops or improved ability to 
prevent other destructive insects from damaging crops may 65 
be produced. Furthermore, some nematodes are vectors of 
plant pathogens, and may be attacked by other beneficial 
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nematodes which have no effect on plants. Inhibition of 
target gene activity could be used to delay or prevent entry 
into a particular developmental step (e.g., metamorphosis), 
if plant disease was associated with a particular stage of the 
pathogen's life cycle. Interactions between pathogens may 
also be modified by the invention to limit crop damage. Por 
example, the ability of beneficial nematodes to attack their 
harmful prey may be enhanced by inhibition of behavior- 
controlling nematode genes according to the invention. 

Although pathogens cause disease, some of the microbes 
interact with their plant host in a beneficial manner. Por 
example, some bacteria are involved in symbiotic relation- 
ships that fix nitrogen and some fungi produce phytohor- 
mones. Such beneficial interactions may be promoted by 
using the present invention to inhibit target gene activity in 
the plant and/or the microbe. 

Another utility of the present invention could be a method 
of identifying gene function in an organism comprising the 
use of double-stranded RNA to inhibit the activity of a target 
gene of previously unknown function. Instead of the time 
consuming and laborious isolation of mutants by traditional 
genetic screening, functional genomics would envision 
determining the function of uncharacterized genes by 
employing the invention to reduce the amount and/or alter 
the timing of target gene activity. The invention could be 
used in determining potential targets for pharmaceutics, 
understanding normal and pathological events associated 
with development, determining signaling pathways respon- 
sible for postnatal development/aging, and the like. The 
increasing speed of acquiring nucleotide sequence informa- 
tion from genomic and expressed gene sources, including 
total sequences for the yeast, D. melanogaster, and C. 
elegans genomes, can be coupled with the invention to 
determine gene function in an organism (e.g., nematode). 
The preference of different organisms to use particular 
codons, searching sequence databases for related gene 
products, correlating the linkage map of genetic traits with 
the physical map from which the nucleotide sequences are 
derived, and artificial intelligence methods may be used to 
define putative open reading frames from the nucleotide 
sequences acquired in such sequencing projects. 

A simple assay would be to inhibit gene expression 
according to the partial sequence available from an 
expressed sequence tag (EST). Functional alterations in 
growth, development, metabolism, disease resistance, or 
other biological processes would be indicative of the normal 
role of the EST's gene product. 

The ease with which RNAcan be introduced into an intact 
cell/organism containing the target gene allows the present 
invention to be used in high throughput screening (HTS). 
For example, duplex RNA can be produced by an amplifi- 
cation reaction using primers flanking the inserts of any gene 
library derived from the target cell/organism. Inserts may be 
derived from genomic DNA or mRNA (e.g., cDNA and 
cRNA). Individual clones from the library can be replicated 
and then isolated in separate reactions, but preferably the 
library is maintained in individual reaction vessels (e.g., a 
96-well microtiter plate) to minimize the number of steps 
required to practice the invention and to allow automation of 
the process. Solutions containing duplex RNAs that are 
capable of inhibiting the different expressed genes can be 
placed into individual wells positioned on a microtiter plate 
as an ordered array, and intact cells/organisms in each well 
can be assayed for any changes or modifications in behavior 
or development due to inhibition of target gene activity. The 
amplified RNA can be fed directly to, injected into, the 
cell/organism containing the target gene. Alternatively, the 
duplex RNA can be produced by in vivo or in vitro tran- 
scription from an expression construct used to produce the 
library. The construct can be replicated as individual clones 
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of the library and transcribed to produce the RNA; each 
clone can then be fed to, or injected into, the cell/organism 
containing the target gene. The function of the target gene 
can be assayed from the effects it has on the cell/organism 
when gene activity is inhibited. This screening could be ^ 
amenable to small subjects that can be processed in large 
number, for example: arabidopsis, bacteria, drosophila, 
fungi, nematodes, viruses, zebrafish, and tissue culture cells 
derived from mammals. 

A nematode or other organism that produces a 
colorimetric, fluorogenic, or luminescent signal in response 
to a regulated promoter (e.g., transfected with a reporter 
gene construct) can be assayed in an HTS format to identify 
DNA-binding proteins that regulate the promoter. In the 
assay's simplest form, inhibition of a negative regulator 
results in an increase of the signal and inhibition of a 
positive regulator results in a decrease of the signal. 

If a characteristic of an organism is determined to be 
genetically linked to a polymorphism through RFLP or QTL 
analysis, the present invention can be used to gain insight 
regarding whether that genetic polymorphism might be 20 
directly responsible for the characteristic. For example, a 
fragment defining the genetic polymorphism or sequences in 
the vicinity of such a genetic polymorphism can be ampli- 
fied to produce an RNA, the duplex RNA can be introduced 
to the organism, and whether an alteration in the character- 25 
istic is correlated with inhibition can be determined. Of 
course, there may be trivial explanations for negative results 
with this type of assay, for example: inhibition of the target 
gene causes lethality, inhibition of the target gene may not 
result in any observable alteration, the fragment contains 
nucleotide sequences that are not capable of inhibiting the 
target gene, or the target gene's activity is redundant. 

The present invention may be useful in allowing the 
inhibition of essential genes. Such genes may be required for 
cell or organism viability at only particular stages of devel- 
opment or cellular compartments. The functional equivalent 
of conditional mutations may be produced by inhibiting 
activity of the target gene when or where it is not required 
for viability. The invention allows addition of RNA at 
specific times of development and locations in the organism 
without introducing permanent mutations into the target 40 
genome. 

If alternative splicing produced a family of transcripts that 
were distinguished by usage of characteristic exons, the 
present invention can target inhibition through the appro- 
priate exons to specifically inhibit or to distinguish among 45 
the functions of family members. For example, a hormone 
that contained an alternatively spliced transmembrane 
domain may be expressed in both membrane bound and 
secreted forms. Instead of isolating a nonsense mutation that 
terminates translation before the transmembrane domain, the 
functional consequences of having only secreted hormone 
can be determined according to the invention by targeting 
the exon containing the transmembrane domain and thereby 
inhibiting expression of membrane-bound hormone. 

The present invention may be used alone or as a compo- 
nent of a kit having at least one of the reagents necessary to 
carry out the in vitro or in vivo introduction of RNA to test 
samples or subjects. Preferred components are the dsRNA 
and a vehicle that promotes introduction of the dsRNA. Such 
a kit may also include instructions to allow a user of the kit 
to practice the invention. 

Pesticides may include the RNA molecule itself, an 
expression construct capable of expressing the RNA, or 
organisms transfected with the expression construct. The 
pesticide of the present invention may serve as an 
arachnicide, insecticide, nematicide, viricide, bactericide, 65 
and/or fungicide. For example, plant parts that are accessible 
above ground (e.g., flowers, fruits, buds, leaves, seeds. 
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shoots, bark, stems) may be sprayed with pesticide, the soil 
may be soaked with pesticide to access plant parts growing 
beneath ground level, or the pest may be contacted with 
pesticide directly. If pests interact with each other, the RNA 
may be transmitted between them. Alternatively, if inhibi- 
tion of the target gene results in a beneficial effect on plant 
growth or development, the aforementioned RNA, expres- 
sion construct, or transfected organism may be considered a 
nutritional agent. In either case, genetic engineering of the 
plant is not required to achieve the objectives of the inven- 
tion. 

Alternatively, an organism may be engineered to produce 
dsRNA which produces commercially or medically benefi- 
cial results, for example, resistance to a pathogen or its 
pathogenic effects, improved growth, or novel developmen- 
tal patterns. 

Used as either an pesticide or nutrient, a formulation of 
the present invention may be delivered to the end user in dry 
or liquid form: for example, as a dust, granulate, emulsion, 
paste, solution, concentrate, suspension, or encapsulation. 
Instructions for safe and effective use may also be provided 
with the formulation. The formulation might be used 
directly, but concentrates would require dilution by mixing 
with an extender provided by the formulator or the end user. 
Similarly, an emulsion, paste, or suspension may require the 
end user to perform certain preparation steps before appli- 
cation. The formulation may include a combination of 
chemical additives known in the art such as solid carriers, 
minerals, solvents, dispersants, surfactants, emulsifiers, 
tackifiers, binders, and other adjuvants. Preservatives and 
stabilizers may also be added to the formulation to facilitate 
storage. The crop area or plant may also be treated simul- 
taneously or separately with other pesticides or fertilizers. 
Methods of application include dusting, scattering or 
pouring, soaking, spraying, atomizing, and coating. The 
precise physical form and chemical composition of the 
formulation, and its method of application, would be chosen 
to promote the objectives of the invention and in accordance 
with prevailing circumstances. Expression constructs and 
transfected hosts capable of replication may also promote 
the persistence and/or spread of the formulation. 

Description of the dsRNA Inhibition Phenomenon 
in C. elegans 

The operation of the present invention was shown in the 
model genetic organism Caenorhabditis elegans. 

Introduction of RNA into cells had been seen in certain 
biological systems to interfere with function of an endog- 
enous gene Many such effects were believed to result 
from a simple antisense mechanism dependent on hybrid- 
ization between injected single-stranded RNA and endog- 
enous transcripts. In other cases, a more complex mecha- 
nism had been suggested. One instance of an RNA-mediated 
mechanism was RNA interference (RNAi) phenomenon in 
the nematode C. elegans. RNAi had been used in a variety 
of studies to manipulate gene expression^'"^. 

Despite the usefulness of RNAi in C. elegans, many 
features had been difficult to explain. Also, the lack of a clear 
understanding of the critical requirements for interfering 
RNA led to a sporadic record of failure and partial success 
in attempts to extend RNAi beyond the earliest stages 
following injection. A statement frequently made in the 
literature was that sense and antisense RNA preparations are 
each sufficient to cause interference^'"^. The only precedent 
for such a situation was in plants where the process of 
cosuppression had a similar history of usefulness in certain 
cases, failure in others, and no ability to design interference 
protocols with a high chance of success. Working with C. 
elegans, we discovered an RNA structure that would give 
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effective and unfform genetic inhibition. The prior art did 
not teach or suggest that RNA structure was a critical feature 
for inhibition of gene expression. Indeed the ability of crude 
sense and antisense preparations to produce interference^'"^ 
had been taken as an indication that RNA structure was not 5 
a critical factor. Instead, the extensive plant literature and 
much of the ongoing research in C. elegans was focused on 
the possibility that detailed features of the target gene 
sequence or its chromosomal locale was the critical feature 
for interfering with gene expression. 

The inventors carefully purified sense or antisense RNA 
for unc-22 and tested each for gene-specific inhibition. 
While the crude sense and antisense preparations had strong 
interfering activity, it was found that the purified sense and 
antisense RNAs had only marginal inhibitory activity. This 
was unexpected because many techniques in molecular 
biology are based on the assumption that RNA produced 
with specific in vitro promoters (e.g., T3 or T7 RNA 
polymerase), or with characterized promoters in vivo, is 
produced predominantly from a single strand. The inventors 
had carried out purification of these crude preparations to 20 
investigate whether a small fraction of the RNA had an 
unusual structure which might be responsible for the 
observed genetic inhibition. To rigorously test whether 
double -stranded character might contribute to genetic 
inhibition, the inventors carried out additional purification of 25 
single-stranded RNAs and compared inhibitory activities of 
individual strands with that of the double-stranded hybrid. 

The following examples are meant to be illustrative of the 
present invention; however, the practice of the invention is 
not limited or restricted in any way by them. 30 

Analysis of RNA-Mediated Inhibition of C. elegans 
Genes 

The unc-22 gene was chosen for initial comparisons of 
activity as a result of previous genetic analysis that yields a 
semi-quantitative comparison between unc-22 gene activity 
and the movement phenotypes of animals^'^: decreases in 
activity produce an increasingly severe twitching phenotype, 
while complete loss of function results in the additional 
appearance of muscle structural defects and impaired motil- 40 
ity. unc-22 encodes an abundant but non-essential myofila- 
ment protein^"^. unc-22 mRNA is present at several thou- 
sand copies per striated muscle cell^. 

Purified antisense and sense RNAs covering a 742 nt 
segment of unc-22 had only marginal inhibitory activity, 45 
requiring a very high dose of injected RNA for any observ- 
able effect (FIG. 4). By contrast, a sense+ antisense mixture 
produced a highly effective inhibition of endogenous gene 
activity (FIG. 4). The mixture was at least two orders of 
magnitude more effective than either single strand in inhib- 5Q 
iting gene expression. The lowest dose of the sense+ 
antisense mixture tested, approximately 60,000 molecules of 
each strand per adult, led to twitching phenotypes in an 
average of 100 progeny, unc-22 expression begins in 
embryos with approximately 500 cells. At this point, the 
original injected material would be diluted to at most a few 
molecules per cell. 

The potent inhibitory activity of the sense +antisense 
mixture could reflect formation of double-stranded RNA 
(dsRNA), or conceivably some alternate synergy between 
the strands. Electrophoretic analysis indicated that the 
injected material was predominantly double stranded. The 
dsRNA was gel purified from the annealed mixture and 
found to retain potent inhibitory activity. Although anneal- 
ing prior to injection was compatible with inhibition, it was 
not necessary. Mixing of sense and antisense RNAs in low 65 
salt (under conditions of minimal dsRNA formation), or 
rapid sequential injection of sense and antisense strands. 
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were sufficient to allow complete inhibition. Along interval 
(>1 hour) between sequential injections of sense and anti- 
sense RNA resulted in a dramatic decrease in inhibitory 
activity. This suggests that injected single strands may be 
degraded or otherwise rendered inaccessible in the absence 
of the complementary strand. 

An issue of specificity arises when considering known 
cellular responses to dsRNA. Some organisms have a 
dsRNA-dependent protein kinase that activates a panic 
response mechanism"^°. Conceivably, the inventive sense+ 
antisense synergy could reflect a non-specific potentiation of 
antisense effects by such a panic mechanism. This was not 
found to be the case: co-injection of dsRNA segments 
unrelated to unc-22 did not potentiate the ability of unc-22 
single strands to mediate inhibition. Also investigated was 
whether double-stranded structure could potentiate inhibi- 
tory activity when placed in cis to a single-stranded segment. 
No such potentiation was seen; unrelated double -stranded 
sequences located 5' or 3' of a single -stranded unc-22 
segment did not stimulate inhibition. Thus potentiation of 
gene-specific inhibition was observed only when dsRNA 
sequences exist within the region of homology with the 
target gene. 

The phenotype produced by unc-22 dsRNA was specific. 
Progeny of injected animals exhibited behavior indistin- 
guishable from characteristic unc-22 loss of function 
mutants. Target-specificity of dsRNA effects using three 
additional genes with well characterized phenotypes (FIG. 1 
and Table 1). unc-54 encodes a body wall muscle myosin 
heavy chain isoform required for full muscle contraction^' 
11,12, fem-1 encodes an ankyrin-repeat containing protein 
required in hermaphrodites for sperm production"^^'"^"^, and 
hlh-1 encodes a C. elegans homolog of the myoD family 
required for proper body shape and motility"^^'"^^. For each of 
these genes, injection of dsRNA produced progeny broods 
exhibiting the known null mutant phenotype, while the 
purified single strands produced no significant reduction in 
gene expression. With one exception, all of the phenotypic 
consequences of dsRNA injection were those expected from 
inhibition of the corresponding gene. The exception 
(segment unc54C, which led to an embryonic and larval 
arrest phenotype not seen with unc-54 null mutants) was 
illustrative. This segment covers the highly conserved myo- 
sin motor domain, and might have been expected to inhibit 
the activity of other highly related myosin heavy chain 
genes"^^. This interpretation would support uses of the 
present invention in which nucleotide sequence comparison 
of dsRNA and target gene show less than 100% identity. The 
unc54C segment has been unique in our overall experience 
to date: effects of 18 other dsRNA segments have all been 
limited to those expected from characterized null mutants. 

The strong phenotypes seen following dsRNA injection 
are indicative of inhibitory effects occurring in a high 
fraction of cells. The unc-54 and hlh-1 muscle phenotypes, 
in particular, are known to result from a large number of 
defective muscle cells"^"^'"^^. To examine inhibitory effects of 
dsRNA on a cellular level, a transgenic line expressing two 
different GFP-derived fluorescent reporter proteins in body 
muscle was used. Injection of dsRNA directed to gfp pro- 
duced dramatic decreases in the fraction of fluorescent cells 
(FIG. 2). Both reporter proteins were absent from the 
negative cells, while the few positive cells generally 
expressed both GFP forms. 

The pattern of mosaicism observed with gfp inhibition 
was not random. At low doses of dsRNA, the inventors saw 
frequent inhibition in the embryonically-derived muscle 
cells present when the animal hatched. The inhibitory effect 
in these differentiated cells persisted through larval growth: 
these cells produced little or no additional GFP as the 
affected animals grew. The 14 postembryonically-derived 
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striated muscles are born during early larval stages and were 
more resistant to inhibition. These cells have come through 
additional divisions (13-14 versus 8-9 for embryonic 
muscles"^®'"^^). At high concentrations of gfp dsRNA, inhi- 
bition was noted in virtually all striated bodywall muscles, 5 
with occasional single escaping cells including cells born in 
embryonic or postembryonic stages. The nonstriated vulval 
muscles, born during late larval development, appeared 
resistant to genetic inhibition at all tested concentrations of 
injected RNA. The latter result is important for evaluating 
the use of the present invention in other systems. First, it 
indicates that failure in one set of cells from an organism 
does not necessarily indicate complete non- applicability of 
the invention to that organism. Second, it is important to 
realize that not all tissues in the organism need to be affected 
for the invention to be used in an organism. This may serve 
as an advantage in some situations. 

A few observations serve to clarify the nature of possible 
targets and mechanisms for RNA-mediated genetic inhibi- 
tion in C. elegans: 

First, dsRNA segments corresponding to a variety of '^^ 
intron and promoter sequences did not produce detectable 
inhibition (Table 1). Although consistent with possible inhi- 
bition at a post-transcriptional level, these experiments do 
not rule out inhibition at the level of the gene. 

Second, dsRNA injection produced a dramatic decrease in 
the level of the endogenous mRNA transcript (FIG. 3). Here, 
a mex-3 transcript that is abundant in the gonad and early 
embryos^° was targeted, where straightforward in situ 
hybridization can be performed. No endogenous mex-3 
mRNA was observed in animals injected with a dsRNA 30 
segment derived from mex-3 (FIG. 3D), but injection of 
purified mex-3 antisense RNA resulted in animals that 
retained substantial endogenous mRNA levels (FIG. 3C). 

Third, dsRNA-mediated inhibition showed a surprising 
ability to cross cellular boundaries. Injection of dsRNA for 35 
unc-22, gfp, or lacZ into the body cavity of the head or tail 
produced a specific and robust inhibition of gene expression 
in the progeny brood (Table 2). Inhibition was seen in the 
progeny of both gonad arms, ruling out a transient "nicking" 
of the gonad in these injections. dsRNA injected into body 40 
cavity or gonad of young adults also produced gene-specific 
inhibition in somatic tissues of the injected animal (Table 2). 

Table 3 shows that C. elegans can respond in a gene- 
specific manner to dsRNA encountered in the environment. 
Bacteria are a natural food source for C. elegans. The 45 
bacteria are ingested, ground in the animal's pharynx, and 
the bacterial contents taken up in the gut. The results show 
that E. coli bacteria expressing dsRNAs can confer specific 
inhibitory effects on C. elegans nematode larvae that feed on 
them. 

50 

Three C. elegans genes were analyzed. For each gene, 
corresponding dsRNA was expressed in E. coli by inserting 
a segment of the coding region into a plasmid construct 
designed for bidirectional transcription by bacteriophage T7 
RNA polymerase. The dsRNA segments used for these 
experiments were the same as those used in previous micro- 
injection experiments (see FIG. 1). The effects resulting 
from feeding these bacteria to C. elegans were compared to 
the effects achieved by microinjecting animals with dsRNA. 

The C. elegans gene unc-22 encodes an abundant muscle 
filament protein, unc-22 null mutations produce a charac- 
teristic and uniform twitching phenotype in which the ani- 
mals can sustain only transient muscle contraction. When 
wild-type animals were fed bacteria expressing a dsRNA 
segment from unc-22, a high fraction (85%) exhibited a 
weak but still distinct twitching phenotype characteristic of 65 
partial loss of function for the unc-22 gene. The C. elegans 
fem-1 gene encodes a late component of the sex determi- 
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nation pathway. Null mutations prevent the production of 
sperm and lead euploid (XX) animals to develop as females, 
while wild type XX animals develop as hermaphrodites. 
When wild-type animals were fed bacteria expressing 
dsRNA corresponding to fem-1, a fraction (43%) exhibit a 
sperm-less (female) phenotype and were sterile. Finally, the 
ability to inhibit gene expression of a transgene target was 
assessed. When animals carrying a gfp transgene were fed 
bacteria expressing dsRNA corresponding to the gfp 
reporter, an obvious decrease in the overall level of GFP 
fluorescence was observed, again in approximately 12% of 
the population (see FIG. 5, panels B and C). 

The effects of these ingested RNAs were specific. Bac- 
teria carrying different dsRNAs from fem-1 and gfp pro- 
duced no twitching, dsRNAs from unc-22 and fem-1 did not 
reduce gfp expression, and dsRNAs from gfp and unc-22 did 
not produce females. These inhibitory effects were appar- 
ently mediated by dsRNA: bacteria expressing only the 
sense or antisense strand for either gfp or unc-22 caused no 
evident phenotypic effects on their C. elegans predators. 

Table 4 shows the effects of bathing C. elegans in a 
solution containing dsRNA. Larvae were bathed for 24 
hours in solutions of the indicated dsRNAs (1 mg/ml), then 
allowed to recover in normal media and allowed to grow 
under standard conditions for two days. The unc-22 dsRNA 
was segment ds-unc22A from FIG. 1. pos-1 and sqt-3 
dsRNAs were from the full length cDNA clones, pos-1 
encodes an essential maternally provided component 
required early in embyogenesis. Mutations removing pos-1 
activity have an early embryonic arrest characteristic of 
skn-like mutations^^'^°. Cloning and activity patterns for 
sqt-3 have been described^"^. C. elegans sqt-3 mutants have 
mutations in the col-1 collagen gene^"^. Phenotypes of 
affected animals are noted. Incidences of clear phenotypic 
effects in these experiments were 5-10% for unc-22, 50% 
for pos-1, and 5% for sqt-3. These are frequencies of 
unambiguous phenocopies; other treated animals may have 
had marginal defects corresponding to the target gene that 
were not observable. Each treatment was fully gene-specific 
in that unc-22 dsRNA produced only Unc-22 phenotypes, 
pos-1 dsRNA produced only Pos-1 phenotypes, and sqt-3 
dsRNA produced only Sqt-3 phenotypes. 

Some of the results described herein were published after 
the filing of our provisional application. Those publications 
and a review can be cited as Fire, A., et al. Nature, 391, 
806-811, 1998; Timmons, L. & Fire, A. Nature, 395, 854, 
1998; and Montgomery, M. K. & Fire, A. Trends in 
Genetics, 14, 255-258, 1998. 

The effects described herein significantly augment avail- 
able tools for studying gene function in C. elegans and other 
organisms. In particular, functional analysis should now be 
possible for a large number of interesting coding regions^"^ 
for which no specific function have been defined. Several of 
these observations show the properties of dsRNA that may 
affect the design of processes for inhibition of gene expres- 
sion. For example, one case was observed in which a 
nucleotide sequence shared between several myosin genes 
may inhibit gene expression of several members of a related 
gene family. 

Methods of RNA Synthesis and Microinjection 

RNA was synthesized from phagemid clones with T3 and 
T7 RNA polymerase^, followed by template removal with 
two sequential DNase treatments. In cases where sense, 
antisense, and mixed RNA populations were to be 
compared, RNAs were further purified by electrophoresis on 
low-gelling-temperature agarose. Gel-purified products 
appeared to lack many of the minor bands seen in the 
original "sense" and "antisense" preparations. Nonetheless, 
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RNA species accounting for less than 10% of purified RNA 
preparations would not have been observed. Without gel 
purification, the "sense" and "antisense" preparations pro- 
duced significant inhibition. This inhibitory activity was 
reduced or eliminated upon gel purification. By contrast, 5 
sense+antisense mixtures of gel purified and non-gel- 
purified RNA preparations produced identical effects. 

Following a short (5 minute) treatment at 68° C. to 
remove secondary structure, sense+antisense annealing was 
carried out in injection buffer^^ at 37° C. for 10-30 minutes, 
Formation of predominantly double stranded material was 
confirmed by testing migration on a standard (non- 
denaturing) agarose gel: for each RNApair, gel mobility was 
shifted to that expected for double -stranded RNA of the 
appropriate length. Co-incubation of the two strands in a 
low-salt buffer (5 mM Tris-HCl pH 7.5, 0.5 mM EDTA) was 
insufficient for visible formation of double-stranded RNA in 
vitro. Non-annealed sense+antisense RNAs for unc22B and 
gfpG were tested for inhibitory effect and found to be much 
more active than the individual single strands, but 2-4 fold 
less active than equivalent pre-annealed preparations. 20 

After pre-annealing of the single strands for unc22A, the 
single electrophoretic species corresponding in size to that 
expected for dsRNA was purified using two rounds of gel 
electrophoresis. This material retained a high degree of 
inhibitory activity. 25 

Except where noted, injection mixes were constructed so 
animals would receive an average of 0.5x10^ to 1.0x10^ 
molecules of RNA. For comparisons of sense, antisense, and 
dsRNA activities, injections were compared with equal 
masses of RNA (i.e., dsRNAat half the molar concentration 30 
of the single strands). Numbers of molecules injected per 
adult are given as rough approximations based on concen- 
tration of RNA in the injected material (estimated from 
ethidium bromide staining) and injection volume (estimated 
from visible displacement at the site of injection). A vari- 35 
ability of several-fold in injection volume between indi- 
vidual animals is possible; however, such variability would 
not affect any of the conclusions drawn herein. 
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Inhibition of endogenous genes was generally assayed in 
a wild type genetic background (N2). Features analyzed 
included movement, feeding, hatching, body shape, sexual 
identity, and fertility. Inhibition with gfp^^ and lacZ activity 
was assessed using strain PD4251. This strain is a stable 45 
transgenic strain containing an integrated array (ccls4251) 
made up of three plasmids: pSAK4 (myo-3 promoter driving 
mitochondrially targeted GFP), pSAK2 (myo-3 promoter 
driving a nuclear targeted GFP-LacZ fusion), and a dpy-20 
subclone^^ as a selectable marker. This strain produces GFP 
in all body muscles, with a combination of mitochondrial 
and nuclear localization. The two distinct compartments are 
easily distinguished in these cells, allowing a facile distinc- 
tion between cells expressing both, either, or neither of the 
original GFP constructs. 

Gonadal injection was performed by inserting the micro- 
injection needle into the gonadal syncitium of adults and 
expelling 20-100 pi of solution (see Reference 25). Body 
cavity injections followed a similar procedure, with needle 
insertion into regions of the head and tail beyond the 
positions of the two gonad arms. Injection into the cyto- 
plasm of intestinal cells was another effective means of RNA 
delivery, and may be the least disruptive to the animal. After 
recovery and transfer to standard solid media, injected 
animals were transferred to fresh culture plates at 16 hour 
intervals. This yields a series of semi-synchronous cohorts in 65 
which it was straightforward to identify phenotypic differ- 
ences. A characteristic temporal pattern of phenotypic sever- 
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ity is observed among progeny. First, there is a short 
"clearance" interval in which unaffected progeny are pro- 
duced. These include impermeable fertilized eggs present at 
the time of injection. After the clearance period, individuals 
are produced which show the inhibitory phenotype. After 
injected animals have produced eggs for several days, 
gonads can in some cases "revert" to produce incompletely 
affected or phenotypically normal progeny. 

Additional Description of the Results 

FIG. 1 shows genes used to study RNA-mediated genetic 
inhibition in C. elegans. Intron-exon structure for genes used 
to test RNA-mediated inhibition are shown (exons: filled 
boxes; introns: open boxes; 5' and 3' untranslated regions: 
shaded; sequence references are as follows: unc-22^, unc- 
54"^^, fem-l"^"^, and hlh-1"^^). These genes were chosen based 
on: (1) a defined molecular structure, (2) classical genetic 
data showing the nature of the null phenotype. Each segment 
tested for inhibitory effects is designated with the name of 
the gene followed by a single letter (e.g., unc22C). Segments 
derived from genomic DNA are shown above the gene, 
segments derived from cDNA are shown below the gene. 
The consequences of injecting double-stranded RNA seg- 
ments for each of these genes is described in Table 1. dsRNA 
sequences from the coding region of each gene produced a 
phenotype resembling the null phenotype for that gene. 

The effects of inhibitory RNA were analyzed in individual 
cells (FIG. 2, panels A-H). These experiments were carried 
out in a reporter strain (called PD4251) expressing two 
different reporter proteins: nuclear GFP-LacZ and mito- 
chondrial GFP, both expressed in body muscle. The fluo- 
rescent nature of these reporter proteins allowed us to 
examine individual cells under the fluorescence microscope 
to determine the extent and generality of the observed 
inhibition of gene. ds-unc22A RNA was injected as a 
negative control. GFP expression in progeny of these 
injected animals was not affected. The GFP patterns of these 
progeny appeared identical to the parent strain, with promi- 
nent fluorescence in nuclei (the nuclear localized GFP- 
LacZ) and mitochondria (the mitochondrially targeted 
GFP): young larva (FIG. 2A), adult (FIG. 2B), and adult 
body wall at high magnification (FIG. 2C). 

In contrast, the progeny of animals injected with ds-gfpG 
RNA are affected (FIGS. 2D-F). Observable GFP fluores- 
cence is completely absent in over 95% of the cells. Few 
active cells were seen in larvae (FIG. 2D shows a larva with 
one active cell; uninjected controls show GFP activity in all 
81 body wall muscle cells). Inhibition was not effective in all 
tissues: the entire vulval musculature expressed active GFP 
in an adult animal (FIG. 2E). Rare GFP positive body wall 
muscle cells were also seen adult animals (two active cells 
are shown in FIG. 2F). Inhibition was target specific (FIGS. 
2G-I). Animals were injected with ds-lacZL RNA, which 
should affect the nuclear but not the mitochondrial reporter 
construct. In the animals derived from this injection, 
mitochondrial-targeted GFP appeared unaffected while the 
nuclear-targeted GFP-LacZ was absent from almost all cells 
(larva in FIG. 2G). Atypical adult lacked nuclear GFP-LacZ 
in almost all body-wall muscles but retained activity in 
vulval muscles (FIG. 2H). Scale bars in FIG. 2 are 20 fjm. 

The effects of double-stranded RNA corresponding to 
mex-3 on levels of the endogenous mRNA was shown by in 
situ hybridization to embryos (FIG. 3, panels A-D). The 
1262 nt mex-3 cDNA clone ° was divided into two 
segments, mex-3 A and mex3B with a short (325 nt) overlap. 
Similar results were obtained in experiments with no overlap 
between inhibiting and probe segments. mex-3B antisense 
or dsRNA was injected into the gonads of adult animals, 
which were maintained under standard culture conditions for 
24 hours before fixation and in situ hybridization (see 
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Reference 5). The mex-3B dsRNA produced 100% embry- 
onic arrest, while >90% of embryos from the antisense 
injections hatched. Antisense probes corresponding to mex- 
3 A were used to assay distribution of the endogenous mex-3 
mRNA(dark stain). Four-cell stage embryos were assayed; 5 
similar results were observed from the 1 to 8 cell stage and 
in the germlime of injected adults. The negative control (the 
absence of hybridization probe) showed a lack of staining 
(FIG. 3A). Embryos from uninjected parents showed a 
normal pattern of endogenous mex-3 RNA (FIG. 3B). The 
observed pattern of mex-3 RNA was as previously described 
in Reference 20. Injection of purified mex-3B antisense 
RNA produced at most a modest effect: the resulting 
embryos retained mex-3 mRNA, although levels may have 
been somewhat less than wild type (FIG. 3C). In contrast, no 
mex-3 RNA was detected in embryos from parents injected 
with dsRNA corresponding to mex-3 (FIG. 3D). The scale of 
FIG. 3 is such that each embryo is approximately 50 jum in 
length. 

Gene-specific inhibitory activity by unc-22A RNA was 
measured as a function of RNA structure and concentration 20 
(FIG. 4). Purified antisense and sense RNA from unc22A 
were injected individually or as an annealed mixture. "Con- 
trol" was an unrelated dsRNA(gfpG). Injected animals were 
transferred to fresh culture plates 6 hours (columns labeled 
1), 15 hours (columns labeled 2), 27 hours (columns labeled 25 
3), 41 hours (columns labeled 4), and 56 hours (columns 
labeled 5) after injection. Progeny grown to adulthood were 
scored for movement in their growth environment, then 
examined in 0.5 mM levamisole. The main graph indicates 
fractions in each behavioral class. Embryos in the uterus and 3Q 
already covered with an eggshell at the time of injection 
were not affected and, thus, are not included in the graph. 
The bottom-left diagram shows the genetically derived 
relationship between unc-22 gene dosage and behavior 
based on analyses of unc-22 heterozygotes and polyploids®' 
3. 

FIGS. 5A-C show a process and examples of genetic 
inhibition following ingestion by C. elegans of dsRNAs 
from expressing bacteria. A general strategy for production 
of dsRNA is to clone segments of interest between flanking 
copies of the bacteriophage T7 promoter into a bacterial 
plasmid construct (FIG. 5 A). Abacterial strain (BL21/DE3) 
^® expressing the T7 polymerase gene from an inducible 
(Lac) promoter was used as a host. A nuclease-resistant 
dsRNA was detected in lysates of transfected bacteria. 
Comparable inhibition results were obtained with the two 45 
bacterial expression systems. A GFP-expressing C. elegans 
strain, PD4251 (see FIG. 2), was fed on a native bacterial 
host. These animals show a uniformly high level of GFP 
fluorescence in body muscles (FIG. 5B). PD4251 animals 
were also reared on a diet of bacteria expressing dsRNA 50 
corresponding to the coding region for gfp. Under the 
conditions of this experiment, 12% of these animals showed 
dramatic decreases in GFP (FIG. 5C). As an alternative 
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strategy, single copies of the T7 promoter were used to drive 
expression of an inverted-duplication for a segment of the 
target gene, either unc-22 or gfp. This was comparably 
effective. 

All references (e.g., books, articles, applications, and 
patents) cited in this specification are indicative of the level 
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TABLE 1 



Effects of sense, antisense, and mixed 
RNAs on progeny of injected animals . 



Gene and Segment 



Size Injected RNA Fl Phenotype 



unc-22 



unc-22 null mutants: strong twitchers^'^ 



unc22A^ exon 21-22 



unc22B exon27 



742 sense wild type 

antisense wild type 

sense + antisense strong twitchers (100%) 

1033 sense wild type 

antisense wild type 
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Effects of sense, antisense, and mixed 
RNAs on progeny of injected animals . 



Gene and Segment Size Injected RNA Fl Phenotype 









sense + antisense 


strong twitchers (100%) 


unc22C 


exon 11—11 


785 


sense + antisense 


strong twitchers (100%) 


fem-1 








fem-1 null mutants: female (no sperm)"*"^ 


femlA 


exon lO'^ 


531 


sense 


■ 

hermaphrodite (98%) 








antisense 


hermaphrodite (>98%) 








sense + antisense 


female (11%) 


femlB 


intron 8 


556 


sense + antisense 


hermaphrodite (>98%) 


unc-54 








unc-54 null mutants: paralyzed ' 


unc54A 


exon 6 


576 


sense 


wild type (100%) 








antisense 


wild type (100%) 








sense + antisense 


paralyzed (100%)^* 


unc54B 


exon 6 


651 


sense 


wild type (100%) 








antisense 


wild type (100%) 








sense + antisense 


paralyzed (100%)^* 


unc54C 


exon 1-5 


1015 


sense + antisense 


arrested embryos and larvae (100%) 


unc54D 


promoter 


567 


sense + antisense 


wild type (100%) 


unc54E 


intron 1 


369 


sense + antisense 


wild type (100%) 


unc54F 


intron 3 


386 


sense + antisense 


wild type (100%) 


hlh-1 








hlh-1 null mutants: lumpy-dumpy larvae"*"^ 


h/hlA 


exons 1-6 


1033 


sense 


wild type (<2% Ipy-dpy) 








antisense 


wild type (<2% Ipy-dpy) 








sense + antisense 


Ipy-dpy larvae (>90%)^ 


hlhlB 


exons 1-2 


438 


sense + antisense 


Ipy-dpy larvae (>80%)^ 


hlhlC 


exons 4-6 


299 


sense + antisense 


Ipy-dpy larvae (>80%)^ 


hlhlD 


intron 1 


697 


sense + antisense 


wild type (<2% Ipy-dpy) 


myo-3 driven GFP transgenes^ 






makes nuclear GFP in body muscle 


myo-3::NLS::gfp::lacZ 








gfpG 


exons 2-5 


730 


sense 


nuclear GFP-LacZ pattern of parent strain 








antisense 


nuclear GFP-LacZ pattern of parent strain 








sense + antisense 


nuclear GFP-LacZ absent in 98% of cells 


lacZL 


exon 12-14 


830 


sense + antisense 


nuclear GFP-LacZ absent in >95% of cells 


myo-3::MtLS::gfp 






makes mitochondrial GFP in body muscle 


gfpG 


exons 2-5 


730 


sense 


mitochondrial GFP pattern of parent strain 








antisense 


mitochondrial GFP pattern of parent strain 








sense + antisense 


mitochondrial GFP absent in 98% of cells 


lacZL 


exon 12-14 


830 


sense + antisense 


mitochondrial GFP pattern of parent strain 
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TABLE 1 -continued 



Legend of Table 1 

Each RNA was injected into 6-10 adult hermaphrodites 
(0.5-1x10^ molecules into each gonad arm). After 4-6 hours 
(to clear pre-fertilized eggs from the uterus) injected animals 
were transferred and eggs collected for 20-22 hours. Prog- 
eny phenotypes were scored upon hatching and subse- 
quently at 12-24 hour intervals. 

a: To obtain a semi-quantitative assessment of the rela- 
tionship between RNA dose and phenotypic response, we 
injected each unc22A RNA preparation at a series of differ- 
ent concentrations. At the highest dose tested (3.6x10^ 
molecules per gonad), the individual sense and antisense 
unc22A preparations produced some visible twitching (1% 
and 11% of progeny respectively). Comparable doses of 
ds-unc22A RNA produced visible twitching in all progeny, 
while a 120-fold lower dose of ds-unc22A RNA produced 
visible twitching in 30% of progeny. 

b: unc22C also carries the intervening intron (43 nt). 

c: femlA also carries a portion (131 nt) of intron 10. 

d: Animals in the first affected broods (laid at 4-24 hours 
after injection) showed movement defects indistinguishable 
from those of null mutants in unc-54. A variable fraction of 
these animals (25-75%) failed to lay eggs (another pheno- 65 
type of unc-54 null mutants), while the remainder of the 
paralyzed animals were egg-laying positive. This may indi- 



cate partial inhibition of unc-54 activity in vulval muscles. 
Animals from later broods frequently exhibit a distinct 
partial loss-of-function phenotype, with contractility in a 
subset of body wall muscles. 

e: Phenotypes of hlh-1 inhibitory RNA include arrested 
embryos and partially elongated LI larvae (the hlh-1 null 
phenotype) seen in virtually all progeny from injection of 
ds-hlhlA and about half of the affected animals from 
ds-hlhlB and ds-hlhlC) and a set of less severe defects (seen 
with the remainder of the animals from ds-hlhIB and 
ds-hlhIC). The less severe phenotypes are characteristic of 
partial loss of function for hlh-1. 

f: The host for these injections, PD4251, expresses both 
mitochondrial GFP and nuclear GFP-LacZ. This allows 
simultaneous assay for inhibition of gfp (loss of all 
fluorescence) and lacZ (loss of nuclear fluorescence). The 
table describes scoring of animals as LI larvae. ds-gfpG 
caused a loss of GFP in all but 0-3 of the 85 body muscles 
in these larvae. As these animals mature to adults, GFP 
activity was seen in 0-5 additional bodywall muscles and in 
the eight vulval muscles. 
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TABLE 2 



Effect of injection point on genetic inbibition in injected animals and their progeny 



dsRNA Site of injection 



Injected animal phenotype 



Progeny Phenotype 



None 

None 

unc22B 

unc22B 

unc22B 

gfpG 

gfpG 

lacZL 

lacZL 



gonad or body cavity 
gonad or body cavity 
Gonad 

Body Cavity Head 
Body Cavity Tail 
Gonad 

Body Cavity Tail 
Gonad 

Body Cavity Tail 



no twitching 

strong nuclear & mitochondrial GFP 
weak twitchers 
weak twitchers 
weak twitchers 

lower nuclear & mitochondrial GFP 
lower nuclear & mitochondrial GFP 
lower nuclear GFP 
lower nuclear GFP 



no twitching 

strong nuclear & mitochondrial GFP 
strong twitchers 
strong twitchers 
strong twitchers 

rare or absent nuclear & mitochondrial GFP 
rare or absent nuclear & mitochondrial GFP 
rare or absent nuclear GFP 
rare or absent nuclear GFP 



TABLE 3 



C. elegans can respond in a gene-specific 

manner to environmental dsRNA. 20 



GFP-Transgene 

Bacterial Food Movement Germline Phenotype Expression 



BL21(DE3) 


0% 


twitch 


<1% 


female 


<1% 


faint 


GFP 


BL21(DE3) 


0% 


twitch 


43% 


female 


<1% 


faint 


OFP 


[fem-1 dsRNA] 
















BL21(DE3) 


85% 


twitch 


<1% 


female 


<1% 


faint 


GFP 


[unc22 dsRNA] 
















BL21(DE3) 


0% 


twitch 


<1% 


female 


12% 


faint 


GFP 


[gfp dsRNA] 
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TABLE 4 



Effects of bathing C. elegans in a solution containing dsRNA. 
dsRNA Biological Effect 

unc-22 Twitching (similar to partial loss of unc-22 function) 

pos-1 Embryonic arrest (similar to loss of pos-1 function) 

sqt-3 Shortened body (Dpy) (similar to partial loss of sqt-3 function) 



In Table 2, gonad injections were carried out into the GFP 
reporter strain PD4251, which expresses both mitochondrial 
GFP and nuclear GFP-LacZ. This allowed simultaneous 
assay of inhibition with gfp (fainter overall fluorescence), 
lacZ (loss of nuclear fluorescence), and unc-22 (twitching). 
Body cavity injections were carried out into the tail region, 
to minimize accidental injection of the gonad; equivalent 
results have been observed with injections into the anterior 
region of the body cavity. An equivalent set of injections was 
also performed into a single gonad arm. For all sites of 
injection, the entire progeny brood showed phenotypes 50 
identical to those described in Table 1. This included prog- 
eny produced from both injected and uninjected gonad arms. 
Injected animals were scored three days after recovery and 
showed somewhat less dramatic phenotypes than their prog- 
eny. This could in part be due to the persistence of products 
already present in the injected adult. After ds-unc22B 
injection, a fraction of the injected animals twitch weakly 
under standard growth conditions (10 out of 21 animals). 
Levamisole treatment led to twitching of 100% (21/21) of 
these animals. Similar effects were seen with ds-unc22A. 
Injections of ds-gfpG or ds-lacZL produced a dramatic 
decrease (but not elimination) of the corresponding GFP 
reporters. In some cases, isolated cells or parts of animals 
retained strong GFP activity. These were most frequently 
seen in the anterior region and around the vulva. Injections 
of ds-gfpG and ds-lacZL produced no twitching, while 65 
injections of ds-unc22A produced no change in GFP fluo- 
rescence pattern. 



While the present invention has been described in con- 
nection with what is presently considered to be practical and 
preferred embodiments, it is understood that the invention is 
not to be limited or restricted to the disclosed embodiments 
but, on the contrary, is intended to cover various modifica- 
tions and equivalent arrangements included within the spirit 
and scope of the appended claims. 

Thus it is to be understood that variations in the described 
invention will be obvious to those skilled in the art without 
departing from the novel aspects of the present invention 
and such variations are intended to come within the scope of 
the present invention. 

We claim: 

1. A method to inhibit expression of a target gene in a cell 
in vitro comprising introduction of a ribonucleic acid (RNA) 
into the cell in an amount sufficient to inhibit expression of 
the target gene, wherein the RNA is a double-stranded 
molecule with a first strand consisting essentially of a 
ribonucleotide sequence which corresponds to a nucleotide 
sequence of the target gene and a second strand consisting 
essentially of a ribonucleotide sequence which is comple- 
mentary to the nucleotide sequence of the target gene, 
wherein the first and the second ribonucleotide strands are 
separate complementary strands that hybridize to each other 
to form said double -stranded molecule, and the double- 
stranded molecule inhibits expression of the target gene. 

2. The method of claim 1 in which the target gene is a 
cellular gene. 

3. The method of claim 1 in which the target gene is an 
endogenous gene. 

4. The method of claim 1 in which the target gene is a 
transgene. 

5. The method of claim 1 in which the target gene is a viral 
gene. 

6. The method of claim 1 in which the cell is from an 
animal. 

7. The method of claim 1 in which the cell is from a plant. 

8. The method of claim 6 in which the cell is from an 
invertebrate animal. 

9. The method of claim 8 in which the cell is from a 
nematode. 

10. The method of claim 1 in which the first ribonucle- 
otide sequence comprises at least 25 bases which correspond 
to the target gene and the second ribonucleotide sequence 
comprises at least 25 bases which are complementary to the 
nucleotide sequence of the target gene. 

11. The method of claim 1 in which the target gene 
expression is inhibited by at least 10%. 

12. A method to inhibit expression of a target gene in an 
invertebrate organism comprising: 

(a) providing an invertebrate organism containing a target 
cell, wherein the target cell contains the target gene and 
the target cell is susceptible to RNA interference, and 
the target gene is expressed in the target cell; 
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(b) contacting said invertebrate organism with a ribo- 
nucleic acid (RNA), wherein the RNA is a double- 
stranded molecule with a first strand consisting essen- 
tially of a ribonucleotide sequence which corresponds 

to a nucleotide sequence of the target gene and a second 5 
strand consisting essentially of a ribonucleotide 
sequence which is complementary to the nucleotide 
sequence of the target gene, wherein the first and the 
second ribonucleotide sequences are separate comple- 
mentary strands that hybridize to each other to form the lo 
double -stranded molecule; and 

(c) introducing the RNA into the target cell, thereby 
inhibiting expression of the target gene. 

13. The method of claim 12 in which the organism is a 
nematode. 15 

14. The method of claim 13 in which a formulation 
comprised of the RNA is applied on or adjacent to a plant, 
and disease associated with nematode infection of the plant 
is thereby reduced. 

15. The method of claim 12 in which said double-stranded 20 
ribonucleic acid structure is at least 25 bases in length and 
each of the ribonucleic acid strands is able to specifically 



hybridize to a deoxyribonucleic acid strand of the target 
gene over the at least 25 bases. 

16. The method of claim 12 in which the expression of the 
target gene is inhibited by at least 10%. 

17. The method of claim 12 in which the RNA is intro- 
duced within a body cavity of the organism and outside the 
target cell. 

18. The method of claim 12 in which the RNA is intro- 
duced by extracellular injection into the organism. 

19. The method of claim 12 in which the organism is 
contacted with the RNA by feeding the organism food 
containing the RNA. 

20. The method of claim 19 in which the food comprises 
a genetically-engineered host transcribing the RNA. 

21. The method of claim 12 in which at least one strand 
of the RNA is produced by transcription of an expression 
construct. 

22. The method of claim 21 in which the organism is a 
nematode and the expression construct is contained in a 
plant, and disease associated with nematode infection of the 
plant is thereby reduced. 
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Summary 

Transgenic Petunia plants with a chsA coding se- 
quence under the control of a 35S promoter some- 
times lose endogene and transgene chalcone syn- 
thase activity and purple flower pigment through 
posttranscriptional chsA RNA degradation. In these 
plants, shorter poly(A)* and poly(A)" chsA RNAs are 
found, and a 3' end-specific RIMA fragment from the 
endogene is more resistant to degradation. The ter- 
mini of this RNA fragment are located in a region of 
complementarKy between the c/is>1 3' coding region 
and its 3' untranslated region. Equivalent chsA RNA 
fragments remain in the white flower tissue of a non- 
transgenic Petunia variety. We present a model involv- 
ing cycles of RNA-RNA pairing between complemen- 
tary sequences followed by endonucleolytic RNA 
cleavages to describe how RNA degradation is likely 
to be promoted. 

Introduction 

The silencing of transgenes and of endogenous genes 
homologous to transgenes is a frequently observed phe- 
nomenon in plants (for an overview, see Meyer, 1995). 
The possible mechanisnis of silencing may vary among 
the reported cases (Flavell, 1994; Matzke and Matzke, 
1995). Sometimes they result in inhibition of transcrip- 
tion (Meyer and Heidmann, 1994); in other cases they 
act posttranscriptionally (De Carvalho Niebel et ah, 1995; 
Depicker etal., 1996; Hamilton et al., 1996). The loss of 
chalcone synthase in Petunia hybrida flowers due to the 
introduction of chalcone synthase A [chsA) transgenes 
is apparently not associated with reduced transcription, 
as demonstrated by run-on transcription tests in iso- 
lated nuclei (Van Blokland et al., 1994). It therefore has 
been assumed to be due to posttranscriptional degrada- 
tion of ChsA RNA from both the endogene and the 
Uansgene chsA genes. This phenomenon has been 
called cosuppression(NapoIietal., 1990). Chalconesyn- 
thase is a key enzyme in anthocyanin biosynthesis, and 
the ChsA genes are transcriptionally activated in the 
epidermal cells of flower petals (Martin, 1993). Loss of 
ChsA RNA therefore leads to loss of anthocyanin pig- 
ment in petals, and white flower tissue is created instead 
of purple tissue, 

A large number of transgenic Petunia plants with vari- 
ant flower phenotypes have been described that contain 

• Present address; Plant Breeding Laboratory, Faculty of Agricul- 
ture, Kyoto University, Kyoto 606-01, Japan. 



transgenes consisting of Petunia chsA cDNA under the 
control of the cauliflower mosaic virus 35S promoter 
with two enhancer elements and the 3' untranslated 
region (UTR) from the nopaline synthase gene of Agro- 
bacterium tumefaciens (Napoli et al., 1990; Jorgensen, 
1995; Jorgensen and Napoli, 1996; Jorgensen et al., 
1996). Many of the transgenic plants have only white 
flowers, thus displaying complete phenotypic cosup- 
pression. Others display cosuppression in floral sectors, 
and the white sectors are organized in specific patterns. 
Recently, Jorgensen et al. (1996) showed that the fre- 
quency and patterns of floral cosuppression in such 
Petunia plants are correlated with the number of 
transgenes and their arrangement in the genome. The 
patterns of cosuppression are inherited somatically and 
sometimes through meiosis. However, in other cases 
epigenetic changes occur in meristems and result in 
changes in the floral patterns of cosuppression (Jorgen- 
sen, 1995; Jorgensen and Napoli, 1996). Despite the 
extensive studies on the phenotypic expression of co- 
suppression and knowledge that the process apparently 
involves chsA RNA degradation (Van Blokland et al., 
1994). little is understood about the precise changes in 
RNA levels in transformants displaying different extents 
of cosuppression and the mechanisms of specific RNA 
degradations. 

In this report we describe changes in chsA RNA biol- 
ogy in leaves and flowers in Petunia plants that are 
induced as a consequence of introducing the chsA 
transgenes. From the amounts and structures of the 
ChsA RNAs, we conclude that transgenic plants with 
purple or purple-white flowers can have elevated levels 
of endogene and transgene poly(A)+ chsA RNAs, while 
plants with all-white flowers show substantial loss of 
endogene and transgene poly(A}+ RNAs. Much of the 
ChsA RNA is poly(A)~, which we conclude is a product 
of a specific cleavage in the mRNA. A chsA endogene 
3' end-specific RNA fragment appears to be the last 
endogene RNA fragment to be degraded in tissue show- 
ing severe chsA cosuppression. An identical remaining 
chsA 3' end fragment can be observed in the white 
flower tissue of plants, as it can in the nontransgenic 
Petunia variety Red Star, which carries purple-white pat- 
terned flowers (Mol et al., 1983); this observation indi- 
cates that the transgene RNA present in transgenic lines 
acts onlyas a trigger forthe induction of an existing chsA 
RNA-specific, posttranscriptional control mechanism. 
We present a model based on RNA-RNA base pairing, 
when poly(A)- or aberrant RNAs are locally elevated, 
and involving specific endonucleolytic RNA cleavages 
to explain how chsA RNA degradation is likely to be 
promoted to cause phenotypic cosuppression. 

Results 

Amounts of chsA RNA Differ between Leaf and 
Flower Tissues and among Transformants 
with Different Floral Phenotypes 

To determine the relative levels of chsA RNA in leaf 
and flower tissues of wild-type and selected transgenic 




' 1 1 1 r j 1 f p r 

Figure T. Northern RNA Analysis of Leaf and Flower Tissues of Wild- 
Type and Selected Transgenic Petunia Plants 
Ten micrograms of total RNA was separated on a 1% agarose-20% 
formaldehyde gel, transferred ortto a nylon filter, and hybridized with 
a '^P-chsA-cDt^A. probe. The size of the chsA transcript and the 
flower phenotypes are Indicated. I, leaves; f, flowers. 

Petunia plants, we performed Northern RWA analyses 
(Figure 1) and RNA dot-blot analyses (data not shown). 
Both the Northern and the dot-blot analyses proved the 
high induction of chsA RNA levels in wild-type flowers 
relative to leaves (Figure 1, V26) and the strong reduction 
of ChsA RNA in white flower tissue (Figure 1, C001). 
In this latter tissue only traces of chsA RNA could be 
detected by both analyses, whereas hybridization of 
the filter with ribosomal DNA proved that approximately 
equal amounts of total RNA were transfen-ed onto the 
filter. The drastic reduction in the level of chsA RNA in 
white flower tissue shown in our Northern and dot-blot 
analyses is consistent with data published earlier for 
Petunia flower tissue with cosuppressed chsA genes 
(Napoli et al., 1990; Van der Krol et al., 1990; Van Blok- 
land et al., 1994). 

The total RNA analyses yielded two other findings. 
First, in purple flower tissue of the two transgenic lines 
C423 and C002, the level of chsA RNA was higher than 
in wild-type purple flower tissue. The observed elevation 
ranged between 20- to 40-fold, as estimated from a 
series of dot-blot analyses with dilutions of total RNA 
down to 0.015 p,g. Second, the level of chsA RNA in leaf 
tissue of the unstable, purple-white flowering transgenic 
line C423 was much higher (>100-fold) than the ex- 
pected very low levels in wild-type leaves and in leaves 
of stable purple (C002) or stable white (C001) flowering 
transgenic lines. 

To investigate whether the presence of specific chsA 
RNA species in leaf and flower tissue correlates with 
specific phenotypes, we carried out endogene- and 
transgene-specific reverse transcriptase polymerase 
chain reaction (RT-PCR) analyses on total leaf and 
flower RNA preparations. By using specific oligonucleo- 
tides (normally 20-mers) as primers for cDNA synthesis 
and PGR amplifications, we differentiated between en- 
dogene and transgene chsA transcripts and between 
total chsA RNA and polyadenylated chsA RNA. The 
cDNA reactions were carried out on equal aliquots of 
RNA. This approach allowed quantitative comparisons 
to be made within and between genotypes. To aid the 
quantitative interpretation of PGR products, relatively 
few amplification cycles (normally 18) were carried out, 
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Figure 2. RT-PCR Performed on Total RNA Isolated from Leaf and 
Flower Tissues of Nontransgenic and Selected Transgenic Petunia 
Plants 

Endogene and transgene chsA RNA-specific cDNAs were amplified 
by 18 cycles of PCR. The resulting PGR products were separated 
on either 1.5% (A) or 2.5% (B and C) agarose gels, transfen-ed onto 
nylon membrane, and hybridized with a c/is>l-cDNA probe. The sizes 
of the RT-PCR products are indicated, V26 is the purple flowering 
wild-type line. Red Star a nontransgenic line with purple-white pat- 
terned flowers, C356 a transgenic line with pifl-ple-whlte patterned 
flowers. C002 a transgenic line with fully purple flowers, and COOl 
a transgenic line with all-whfte flowers. The type of tissue from which 
the total RNAs were isolated are labeled as follows: pi, leaf tissue 
of plants with fully purple flowers; pf, purple flower tissue: jl. leaf 
tissue of plants with purple-white patterned flowers; pjf or wjf, purple 
or white sectors, respectively, of purple-white patterned flowers: 
wl, leaf tissue of plants with fully white flowers; wf, white flower 
tissue; ml, leaf tissue of nontransgenic plants with purple-white 
patterned flowers; pmf or wmf, purple or white sectors, respectively, 
of nontransgenic purple-white flowers. 

followed by hybridization with a chsA cDNA probe. 
Where RT-PCR products could not be detected by hy- 
bridization, a high number of PCR amplification cycles 
(normally 35) was performed, followed by hybridization, 
to investigate whether very low levels of chsA RNAs 
were present. 

Figure 2 summarizes RT-PCR data for plants selected 
as representatives of three phenotypic groups: plants 
with stable phenotypes of all-purple flowers (C002, 
which is an epigenetic variant of COOl; Napoli et al., 
1990); plants with all-white flowers (COOl); and plants 
with purple-white patterned flowers* (C356). We com- 
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pared the RT-PCR patterns for the transgenic lines with 
RT-PCR patterns obtained for total RIMA isolated from 
leaf and flower tissue of wild-type V26 plants and from 
flowers similar to those of the Petunia variety Red Star. 
We decided to include this variety in our analyses be- 
cause its flowers display purple and white sectors like 
those of the unstable purple-white flowering transgenic 
lines. To assay poly(A)+ RNA we performed 3' rapid 
Amplification of cDNA ends (RACE) amplifications (Fig- 
ure 2A; Frohman et al., 1988) using an oligo(dT)-adaptor 
primer. To display full-length chsA poIy(A)+ RNA and to 
differentiate between endogene and transgene poly(A)^ 
cDNA, the adaptor oligonucleotide was used in combi- 
nation with the 5' UTR-speclfic oligonucleotides G995 
and G996, respectively, for the 18 PGR cycles. A single 
RT-PCR product of 1.4 kb was expected for full-length 
poly(A)"^ RNAs, from both the endogene and the trans- 
gene. To detect any nonpolyadenylated chsA RNA in 
addition to poly(A)+ RNA displayed by 3' RACE, we 
primed other cDNA syntheses using identical RNA prep- 
arations with 5' end- and 3' end-specific oligonucleo- 
tides (Figures 2B and 2C, respectively). For the 5' end- 
specific cDNA syntheses we used the oligonucleotide 
G2350, which is complementary to nucleotides 1360 to 
1381 within the chsA coding region (numbering ac- 
cording to sequence file X14591 of the EMBL/GenBank/ 
DDBJ databases). To distinguish between endogene 
and transgene 5' ends, we amplified aliquots of the 
resulting cDNAs using the oligonucleotide G2350 in 
combination with the same oligonucleotides G995 or 
G996 that we used for the full-length poly(A)+ RNA RT- 
PCR amplifications. The expected size of the resulting 
RT-PCR products was 220 bp in both cases. The 3' 
end-specific cDNA syntheses were primed either with 
oligonucleotide G1607, which is complementary to the 
first 20 nucleotides of the endogene 3' UTR, or G1607T, 
which is complementary to the first 20 nucleotides of 
the transgene 3' UTR. Both 3' end-specific cDNAs were 
PGR amplified with either G1 607 or G1 607T in combina- 
tion with oligonucleotide G3280, which is specific for 
positions 3611-3634 within the chsA coding region. The 
expected size for both RT-PCR products was 150 bp. 

Our analyses showed that chsA poly(A)+ RNA can be 
displayed by RT-PCR at high levels in all types of purple 
flower tissue (Figure 2, pf, pjf, and pmf). In the case of 
wild-type and Red Star flower tissue, only endogene- 
specific RT-PCR products were obtained, whereas both 
types of ChsA poly(A)^ RNA RT-PCR products, endo- 
gene and transgene, were present in transgenic purple 
flower tissue. However, in the flower tissues of these 
transgenic genotypes the level of endogene chsA po- 
ly(A)+ RNA was clearly elevated in comparison to levels 
found in wild-type and Red Star-type flower tissue. 
Thus, here the coexpression of both types of chsA genes 
appears to deregulate the control of endogene chsA 
poIy(A) ^ RNA levels. Furthermore, when the level of chsA 
poly(A)+ RNA is elevated, shorter poly(A)+ RNA RT-PCR 
products with sizes of 1 .2 kb for the endogene RNA and 
1.3 kb for the transgene RNA become abundant. The 
shorter endogene poly(A)^ RNA product can be ob- 
served as a minor component in RT-PCR analyses per- 
formed with RNA from wild-type and Red Star-type 
flower tissue. We assume therefore that the 1.2 kb RT- 
PCR product reflects an enhanced chsA RNA-specific 



modification occurring as a consequence of chsA RNA 
accumulation. For white flower tissue of the transgenic 
lines (Figure 2, wjf, wf, and wmf) almost no endogene 
and only low levels of transgene chsA poly(A)+ RNA RT- 
PCR products were found. This result reflects the strong 
reduction of chsA poly(A)+ RNA in all- white flower tissue 
and is consistent with the loss of pigmentation in this 
tissue. 

Our RT-PCR analyses also proved that the level of 
endogene chsA poly(A)+ RNA in leaves is very low. How- 
ever, in plants of the stable purple flowering transgenic 
line C002, the level of endogene cArsy'l poly(A) + RNA was 
clearly elevated in leaves but no transgene chsA poly(A)+ 
RNA could be detected. In contrast, in leaf tissues of 
the unstable purple-white flowering line C356 and the 
stable white flowering line C001, relatively high amounts 
of transgene chsA poly(A)+ RNA product could be dis- 
played by RT-PCR. The amounts were especially high 
in plants of the unstable purple-white flowering line. 
From this we conclude that transgene chsA poly(A)^ 
RNA is the main component of the high levels of chsA 
RNA in leaf tissue of unstable purple-white flowering 
plants observed earlier in our Northern analyses (Figure 
1). The leaves of all of the white flowering transformants 
that we assayed had low levels of transgene RNA. This 
supports the conclusion that loss of chsA RNA also 
occurs in the stems and leaves of plants that display 
cosuppression of chsA in flowers. The state of cosup- 
pression in flowers is therefore likely to be determined 
by the properties of somatic cells long before flower 
formation. 



Most of the Surviving chsA Transcripts in Flower 
Tissue Showing Severe Cosuppression Are Not 
Polyadenylated, and a Portion off the 3' End 
of the Endogene chsA RNA Survives 
Degradation Prefferentially 

The data we obtained for the 5' and 3' end-specific RT- 
PCR analyses of the endogene and transgene chsAioXai 
RNA confirmed in general our observations of elevated 
or reduced levels of chsA poly(A)* RNAs in defined leaf 
and flower tissues of transgenic plants, but they also 
revealed other features. In white flower segments of 
C356, the ratio of poly(A)+ 1.4 kb endogene RNA frag- 
ments to the 0.22 kb 5' end fragments and 0.15 kb 3' 
end fragments was low, relative to that in C356 purple 
flowers. This indicates that most of the chsA endogene 
RNA fragments are poly(A)", and the 1.4 kb fragments 
appear to be more sensitive to the degradation pro- 
cesses than other shorter chsA RNA fragments. 

The white flower tissue of C001 also had reduced 
levels of the 1.4 kb poly(A)+ RNA relative to C002, and 
here the 0.22 kb 5' fragments were also relatively re- 
duced. In the white flower tissue of Red Star, only 3' 
end fragments could be detected. There was variation 
in the extent of total chsA RNA reduction, endogene 
and transgene, and varying residual levels of full-length, 
S', and 3' fragments, but 3' fragments always seemed 
to be the last to disappear from the complement of 
RNAs. This situation also was observed in leaf tissue of 
Red Star (Figures 2A-2C). Here the levels of the 3' end 
fragments were much higher than in \/26. 
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Figure 3. Sequence of Specific RNA Termini Located at the Endo- 
gene chsA3' End 

The sequences surrounding identified termini at the endogene chsA 
3' end are shown. The numbers of the first 5' nucleotide (3490) and 
the last 3' nucleotide (3793) of the RNA fragment that are more 
resistant to degradation in vivo are given according to the numbering 
in sequence file XI 4591 of the EMBL/GenBank/DDBJ databases. 
The stop codon UAA and the secondary poly(A) site are indicated, 
as are the numbers and location of oligonucleotides used in 3' 
end-specific RT-PCR amplifications. 

The Endogene chsA RNA 3' End Fragments 
That Resist Degradation Carry Specific 5' 
and 3' Termini Located in a Region 
of RNA-RNA ComplementarKy 

The discovery that most chsA endogene RNA fragments 
in white flower tissue (and leaves) are not full-length 
poly(A)^ and that 3' end fragments appear to survive 
more than 5' end fragments suggested, first, that there 
may be specific cleavage sites within the chsA endo- 
gene RNA, and second, that the 3' end fragments may 
adopt a structure that is more resistant to RNases. We 
therefore identified the 3' and 5' endsof the 3' fragments 
that are most resistant to RNases in white flower tissue. 
To do this we performed linear PGR reactions toward 
the chsA RIMA 3' end and primer extension reactions 
toward the 5' end from known positions and assayed 
the sizes of the predominant products on gels. As tem- 
plate for the linear PGR amplifications we used poly(A)^ 
cDNA and labeled primer G3281, which is specific for 
the first 20 nucleotides of the endogene chsA 3' UTR 
(Figure 3). In the primer extension reactions performed 
on total RNA we used oligonucleotide G1607, which is 
complementary to the first 20 nucleotides of the endo- 
gene chsA 3' UTR. The positions of the location of the 
5' and 3' termini derived from the sizes of major bands 
of primer extension and linear PGR reactions in white 
flower tissue are indicated in Figure 3, To verify precisely 
the terminal bases, the regions surrounding the termina- 
tion PGR products were sequenced, and the products 
of the sequencing reactions and primer extensions and 
PGR reactions were compared on a phosphonoacetic 
acid (PAA) sequencing gel. The terminal sequences ob- 
tained f 'cleavage sites" in Figure 3) have been compared 
with other published RNA truncations points and endo- 
nucleolytic cleavage sites. Consistent with the other se- 
quences the last nucleotide is G and the termini are 
within AU-rich regions (Table 1). The identified termini 
imply that the remaining chsA fragments are 304 bases 
long. The 3' termination of the 304-base chsA RNA frag- 
ment deduced from sequencing and of the shorter (1.2 
kb) ChsA poly(A)^ RNA observed earlier in our 3' RAGE 
experiments (Figure 2A) are identical (data not shown). 
From this we conclude that identical site-specific endo- 
nucleolytic cleavages occur in the formation of both 
classes of RNA. 



To verify that most chsA endogene RNA is poly(A}" 
due to cleavage at the specific 3' cleavage site and that 
some of the RNA molecules are also cleaved at the 5' 
site to leave 304-base RNAs, a further series of experi- 
ments was conducted on RNA preparations from differ- 
ent tissues from various genotypes. Those from Red 
Star are shown in Figure 4. Using total RNA isolated 
from leaf, purple flower, and white flower tissue of Red 
Star, we primed the three cDNA syntheses with oligonu- 
cleotide G3006, which is complementary to the first 20 
nucleotides downstream of the defined 3' UTR cleavage 
site (Figure 3). In subsequent PGR amplifications of ali- 
quots of the cDNAs this oligonucleotide was combined 
either with oligonucleotide G3398, which Is specific for 
the first 20 nucleotides upstream of the observed 5' 
termination at the cbsA 3' end (Figure 4A), or with oligo- 
nucleotide G3280, which is located inside the remaining 
ChsA RNA 3' fragment (Figure 4G). In both cases a major 
RT-PCR product was obtained only for the purple flower 
tissue RNA and not for the leaf tissue or white flower 
tissue RNAs. In Figure 4, lanes B and D, the cDNA syn- 
thesis was primed with oligonucleotide G1607, which is 
complementary to the first 20 nucleotides of the endo- 
gene chsA 3' UTR and is located inside the remaining 
chsA RNA 3' fragment. For PCRamplificationsthis oligo- 
nucleotide was again combined with G3398 located out- 
side or G3280 located inside the remaining RNA frag- 
ment. The quantity of PGR products was higher for the 
purple flower RNA than for the leaf or white flower RNAs, 
reflecting the higher levels of chsA RNA in flowers. The 
amount of PGR products obtained using a primer down- 
stream of the 3' cleavage site (Figures 4A and 4C) were 
much lower than those obtained using primers upstream 
of the 3' cleavage site. This finding confirms that a high 
proportion of all chsA endogene RNAs, in all tissues, 
terminate at this site and are poly(A)". The ratios of 
fragments amplified with the 5' primer outside versus 
inside the 5' cleavage site (Figures 4B and 4D), as judged 
by hybridization ratios in the autoradiography were simi- 
lar in the leaf and purple flower tissue, indicating that 
many but not necessarily all of the RNAs do not have 
5' ends at the 5' cleavage site. The equivalent ratio 
of amplified fragments (Figures 4B and 4D) from white 
flower tissue is, however, much lower than for leaf or 
purple flower tissue. In equivalent experiments using 
RNAs from some other white flower genotypes (data 
not shown), considerably lower ratios were seen. We 
therefore conclude from screening many genotypes that 
under conditions of severe cosuppression— that is, 
when most of the chsA endogene RNA is degraded — a 
high proportion of the remaining chsA endogene RNA 
consists of 304- base 3' end fragments. 

We investigated the secondary structure of the 3' end 
of the chsA RNA by computer-based folding analyses 
in the program FOLDRNA (Zuker and Stiegler, 1981). It 
showed extensive secondary structures (Figure 5). We 
noted that in all of the putative secondary structures 
generated, the termini of the 304-base chsA RNA frag- 
ment are located within a 43-base paired segment show- 
ing 80% complementarity between a chsA 3' coding 
region segment and the chsA 3' UTR (Figure 5). Both 
fragment termini are also located close to bases of in- 
trastrand loops. 
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Tabre 1. Truncation Points in the 3^ Region of chsA RNA (A) in Comparison with Two Published Cases of mRNA Tnjncations (B) 



A Endogene chsA 3' UTR 


5'-UUGUUUCUUGGiGGUUG-3' 


chsA 3' coding region 


5'-UUGCUCAUCCAGG|UGGGCCU-3' 


Transgene chsA 3' nos UTR 


5'-UGAUUAUCAUAiUAAUUU-3' 


B Truncation points in the open reading frame of the tobacco etch 


5'-GAAACCAAUGG|UUGA-3' 


virus coat protein RNA (Goodwin at at., 1996) 


5'-GGUCUACAGA<3iAAACA-3' 


Endonucleolytic cleavage site in the 3' UTR of human transferrin 


5'-AUAAAGiAACAAGGUGUUU-3' 


receptor mRNA (Binder et al., 1994) 





The Complementarity between a Segment at the 3' 
End of the chsA Coding Region and the chsA 3' 
UTR Allows In Vitro Formation of RNA Duplexes 
That Are Not Degraded by a Double- Stranded 
RNA-Specific Endonuclease 

From sequencing data of the 5' and 3' termination points 
at the ChsA 3' end and the putative structural features 
surrounding these terminations we postulated that dou- 
ble-stranded RNA (dsRNA)-specific endonucleases 
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Figure 4. RT-PCR Patterns Obtained for the Endogene chsA 3' End 
RT-PCR amplifications were carried out on total RNA isolated from 
leaf tissue (mO and purple (pmO or white (wmO flower tissue of the 
nontransgenic Petunia line Red Star. The sizes of the resulting RT- 
PCR products are indicated. The following oligonucleotide combina- 
tions were used for the RT-PCR amplifications: A, G3006/G3398; 
B, G1607/G339B; C, G3006/G32a0; and D, G1607/G3280. For the 
location of these oligonucleotides see also Figure 3. M, 100 bp 
marker. 



may be involved in the formation of the 304-base RNA 
fragment by chsA RNA-specific degradation processes. 
To test this hypothesis, we carried out the in vitro experi- 
ment documented in Figure 6, Both complementary re- 
gions of the ChsA endogene 3' end, the segment of 
complementarity within the 3' coding region (positions 
3467- 3532 in sequence file X14591 of the EMBL/Gen- 
Bank/DDBJ databases), and the complete 3' UTR (posi- 
tions 3743-3970), were separately integrated into the in 
vitro transcription vector pSPTIS (Boehringer Mann- 
heim), from which the recombinant plasmids pCC9 and 
pET5 resulted. The inserts were transcribed in vitro by 
using either T7 or SP6 RNA polymerase. In Figure 6, 
lanes A and B, the "P-labeled sense transcripts of the 
ChsA 3' UTR were annealed in vitro with a 10-fold excess 
of unlabeled 3' UTR antisense transcripts. An aliquot of 
this annealing reaction was incubated with RNase III at 
30°C for 20 min (Figure 6B). RNase III is a dsRNA-specific 
E. coli enzyme (Li et al„ 1993) and was a gift from Dr. 
A. Nicholson (Wayne State University). In Figure 6, lanes 
C and D, the ^^p-iabeled sense transcripts of the seg- 
ment of complementarity at the chsA 3' end of the cod- 
ing region were annealed with a 10-fold excess of unla- 
beled sense transcripts of the chsA 3~ UTR. An aliquot 
of this annealing reaction was also incubated with 
RNase III. All four reactions were separated on a 5% 
nondenaturing PAA gel and exposed to X-ray film. In 
both annealing reactions without subsequent RNase III 
incubation (Figure 6, lanes A and C), bands with lower 
mobility than the ^^P-labeled in vitro transcripts could be 
observed. From this we conclude that in both reactions 
complex RNA stmctures have formed. The smear of 
radioactive products observed Is presumably due to the 
diversity of complex dsRNA structures. Aliquots of both 
annealing reactions were incubated with RNase III. All 
of the complex RNA structures were degraded in the 
case of the self-annealed 3' UTR transcripts (Figure 6, 
lane B), but where the chsA coding and 3' UTR tran- 
scripts were mixed, the smear of products disappeared 
but a product remained with higher mobility than the 
major products present before RNase III treatment (Fig- 
ure 6, lane D). We therefore conclude that the comple- 
mentary coding and 3' UTR RNA sequences can interact 
to form a structure that may have a cleavage site for 
RNase III but most of which is resistant to RNaselll. The 
structure is therefore different from that formed when 
completely complementary RNA sequences are rean- 
nealed. 

Discussion 

From our studies on three groups of transgenic plants — 
(1) those that produce only fully purple flowers and rarely 



Cell 
850 



fOLDRHA of: X1459 1 .Cm^ 1 : 1 Chsck: 7U2 from: ^461 to: 3860 
% Length: 400 Emrgy: -95. J 



C 



5' y\ 



Figure 5. Computer-Based RNA Folding Analysis for the Endogene chsA 3' End 

The putative secondary structure of the last 400 nucleotides of the endogene chsA RNA 3' end was obtained by using the program FOLDRNA 
(Zuker and Stiegler. 1981). The locations of the UAA stop codon and the 5' and 3' termini of the 304-bas6 chsA RNA fragment that resists 
degradation are indicated. 



show floral cosuppression, except sometimes in an- 
thers; (2) those that are prone to cosuppression and 
regularly show characteristic white floral sectors and 
also produce somatic side shoots with fully white flow- 
ers; and (3) those that routinely produce all-white flowers 
and show full cosuppression — we can infer a series of 
steps that lead to cosuppression. 

Transgenes Provoke a Range of Aberrations 
in Chalcone Synthase RNAs 

When active transgenes do not promote floral cosup- 
pression, as in group 1 plants, higher levels of poly(A)^ 
endogene RNA accumulate in floral tissue and their own 
poly(A)+ transcripts accumulate to high levels, too (Fig- 
ure 2). The higher levels of endogene poly(A)+ RNA imply 
that the transgenes either stimulate endogene transcrip- 
tion or reduce its degradation. Chalcone synthase RNA 
is known to be turned over relatively rapidly, and there 
is evidence that chalcone synthase levels are regulated 
in part posttranscriptionally (for a review see Martin, 
1993). Thus, we favor the view that high concentrations 
of chsA RNA molecules can "titrate out" or inhibit some 
step in the c/)s/l turnover process in flowers, thus reduc- 
ing overall chsA RNA degradation rates. The high levels 
of endogene and transgene RNAs in these purple-flow- 
ered plants, which do not display cosuppression, sug- 
gest that high levels of chsA RNA alone are insufficient 
to promote cosuppression. 

In the purple-white-flowered plants of group 2, which 
are prone to floral cosuppression, the chsA RNA levels 
can be typical of the group 1 stable purple types (Figure 



2) or can have lower levels (unpublished data) that sug- 
gest that the RNA degradation system characteristic of 
cosuppression is already operating, during plant devel- 
opment, to some extent. 

In group 3 plants, those showing full floral cosuppres- 
sion, no or only low levels of full-length endogene and 
transgene chsA poly(A);^ RNA survive. However, po- 
ly(A)" RNA fragments remain in white flower tissue, and 
when chsA RNA degradation is most extensive, 304- 
base sequences from the 3' end of the RNA remain. 

These results suggest that transformants suffer a con- 
tinuum of aberrations, ranging from inhibition of chsA 
RNA degradation processes to extensive chsA degrada- 
tion. The analyses of the chsA RNA surviving in the 
various transformants suggest that an early step in RNA 
degradation may be endonucleolytic cleavages at de- 
fined positions in the endogene and transgene 3' UTRs. 
The abundance of the 1.2 kb endogene RNA suggests 
that this may be the result of the most common initial 
cleavage site. A putative pofy(A) signal (5'-AATTGAA-3') 
is present 33-27 nucleotides upstream of this 3' UTR 
cleavage site, which may account for why some RNAs 
cleaved at this site are polyadenylated. This explanation 
implies that the cleavage occurs in the nucleus, where 
polyadenylation also occurs. We note that this putative 
preferred RNA cleavage site follows a G residue, which 
is also the case for other RNA endonucleolytic cleavage 
sites (Table IB) (Binder et al., 1994; Goodwin et al., 
1996; Scheperet al., 1996). The boundaries of the short 
endogene RNA fragments surviving preferentially in 
white-flowered plants showing severe cosuppression 
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Figure 6. In Vitro Transcription, Annealing, and Endonucleolytic 
Cleavage of Complementary chsA RNA Regions 
"P-labeled in vitro transcripts were either self-annealed or cross- 
annealed and were separated on a 5% nondenaturing PAA gel. (A) 
A ''P-labeled sense transcript of the complete chsA 3' UTR was 
self-annealed with a 10-fold excess of its unlabeled complementary 
transcript. (B) An equivalent aliquot of this self-annealed RNA was 
incubated with dsRNA- specific RNaselll. (C) A "P-labeled sense 
transcript of the complementary region located at the 3' end of the 
chsA coding region was annealed with a 1 0-fold excess of unlabefed 
sense transcript of the complete chsA 3' UTR. (D) An equivalent 
aliquot of the RNA mix used in (C) was treated with RNaselll. 



imply that a second cleavage occurs upstream wrthin 
the chsA coding region (Figure 3). The preferential sur- 
vival of the RNA products of these two endonucleolytic 
cleavages is especially noteworthy. The RNAs presum- 
ably adopt secondary structures that are more resistant 
to RNases relative to other segments of the chsA RNAs. 
We have shown that some RNA structures formed in 
vitro between complementary sequences in this RNA 
segment can resist RNase III degradation unlike other 
RNA duplexes (Figure 6). The same RNA cleavages oc- 
cur and the same RNA fragments survive degradation in 
white flower tissue of plants similar to the nontransgenic 
variety Red Star (Mol et al., 1983). This finding strongly 
supports the hypothesis that the transgene chsA RNA 
present in transgenic lines acts only as a trigger for the 
induction of an existing chsA RNA-specific, posttran- 
scriptional control mechanism. 



A Model for Cosuppresslon Involving Cycles of 
RNA Pairing and Endonucleolytic Cleavage 

If ChsA RNAs are susceptible to a series of cleavages, 
how can the presence of transgenes stimulate these 
cleavage processes? Jorgensen et al. (1996) have 
shown that cosuppression increases with more copies 
of the gene. Here we show that reversion from white to 
stable purple flowers in the epigenetic formation of C002 
from C001 is associated with a large reduction in the 
levels of transgene RNA in leaves. It is unlikely that high 
endogene expression is required to maintain the state 
of cosuppression in transgenic plants because cosup- 
pression of transgene RNAs is observed in tissues dur- 
ing plant development when endogene expression is 
low. Endogene expression occurs only in the LI epider- 
mal cells, but transgene RNA levels show suppression 
also in flower petal L2 layers. We therefore conclude 
that transgene RNA is sufficient to maintain the state of 
cosuppression, even though cosuppression might be 
enhanced by the presence of endogene RNA, for exam- 
ple in epidermal cells of purple-white patterned flowers. 
However, we concluded earlier that high levels of chsA 
alone are insufficient to promote cosuppression. We 
therefore suggest that aberrant poly(A)- chsA RNA is 
the active inducer of cosuppression. 

Much long poly(A)~ chsA RNA accumulates in plants 
possessing active transgenes and in plants similar to 
the variety Red Star. This conclusion is based on the 
relatively low levels of full-length poly(A) ^ RNA relative to 
5' and 3'sections of RNA in white versus purple tissues 
(Figure 2). We do not know what induces the production 
of poly(A)" RNA fragments but suspect that it may be 
the localized accumulation of high levels of RNA. The 
presumed preferential sites of endonucleolytic cleavage 
of endogene RNA lie within 43-base paired segments 
of the coding regions and 3' UTR sequences that are 
80% complementary. These cleavages In endogene 
RNA might therefore result from the recognition of struc- 
tures formed bylntermolecutar pairing between the cod- 
ing sequence on aben-ant fragments of RNA and the 
complementary 3' UTR sequence of the mRNA. Cleav- 
age of this paired RNA, as shown in Figure 7, would 
produce the 1.2 kb form of endogene mRNA observed 
in Figure 2 and a shorter poly(A)- aberrant RNA. The 1.2 
kb endogene RNA has a poly(A) addition sequence and 
could explain why some of these molecules are repolya- 
denylated. On the assumption that the 1 .2 kb endogene 
RNAs are formed in this way, we predict that the pairing 
and cleavages take place in the nucleus; otherwise, re- 
polyadenylation could not take place. Poly(A)- endo- 
gene products from this painng-cleavage reaction pre- 
sumably would not be actively transported out of the 
nucleus because of lack of a poly(A) tail and therefore 
could base pair with the 3' UTR complementary se- 
quences of other full-length endogene mRNAs to pro- 
duce, following endonucleolytic cleavages, more of the 
1.2 kb endogene RNAs and the 304-base fragments 
observed (Figure 7). We therefore propose that loss of 
chsA RNA in floral cosuppression occurs by means of 
pairing-cleavage cycles between poly(A)" endogene or 
transgene RNA molecules that fail to progress out of 
the nucleus efficiently and nuclear full-length mRNA 



Cell 
852 




Figure 7. A Cyclic Model of RNA Degradation Based on Comple- 
mentary RNA Pairing and Endonucleo lytic Cleavage 
The process is initiated by the local accumulation of aberrant chsA 
RNAs, which can be any chsA RNA, from endogene or transgene, 
whose "normal" export from the nucleus and translation are ineffi- 
cient or prevented because of structural aberrations. The aberrant 
RNA base pairs with the complementary sequence in the 3' UTR of 
an endogene RNA (A). End onucleo lytic cleavages occur at specific 
sites (short line pairs) to generate two truncated molecules. The 
truncated endogene RNA can be repolyadenylated and exported 
from the nucleus to fomi the observed shorter poly(/^'^ endogene 
RNA. Alternatively, it can pair with the 3' UTR sequence of another 
ChsA endogene RNA (B). Specific endonucleolytic cleavages of this 
duplex fead to the observed 304~base RNA and a long chsA RNA 
lacking its 3' end. This latter RNA can be repolyadenylated and 
exported from the nucleus, or it can pair with the 3' UTR sequence 
of another chsA endogene RNA <C), as in (B). The 304 bp product 
from (B) can also pair with another endogene RNA (D) to produce 
another long RNA lacking its 3' end. Thus the products of one 
pairing-cleavage event are potential substrates for two others. The 
same cycle can also take place between RNAs in the cytoplasm. 

products, as a result of the sequence complementarity 
between the coding and 3' UTR sectors. We have shown 
(Figure 6) that RWA-RNA pairing in vitro between these 
sectors can lead to structures that are cleaved by E. 
coli dsRNA-specific RNase III but are not degraded ex- 
tensively like RNA-RNA duplexes between completely 
complementary RNA sequences. However, it remains 
unknown whether RNase llWike enzymes act in vivo as 
an endonucleolytic component of the observed chsA 
RNA-specific RNA degradation system. 

Once the process of chsA RNA-specific degradation 
is initiated, it could eliminate all of the endogene full- 
length chsA RNA rapidly because the products of each 
reaction are substrates for another round of reactions, 
as shown in Figure 7. The proposed "autoregulatory" 
degradative cycle is thus attractive to explain (1) how 
the observed relatively large proportions of poly(A)" 



chsA RNA are generated; (2) how phenotypic switches 
from purple to white tissue occur rapidly; and (3), if the 
short RNA molecules survive through the cell cycle, how 
the state of cosuppression is somatically inherited. The 
attractions of an autoregulatory system to explain gene 
silencing observations have been described by Meins 
and Kunz (1 994). In addition, the 1 .4 kb endogene RNAs 
with two sites capable of undergoing complementary 
pairing vwth transgene RNA or with poly(A)" cleavage 
products would be expected to undergo degradation 
more rapidly than 1.2 kb endogene and transgene 1.4- 
kb mRNAs, which have only one site, as is frequently 
observed (Figure 2 and unpublished data). Although we 
suggest that pairing-cleavage cycles occur in the nu- 
cleus, it is also likely that they occur in the cytoplasm, 
if the conformation of the RNAs in the mRNPs allows 
intermolecular interactions and the relevant RNases are 
present. 

The origins of cosuppression in this model are the 
observed aberrant chsA poly(A)" RNA molecules. They 
occur in nontransgenlc situations, but their concentra- 
tion is enhanced In transgenic lines or in conditions of 
high levels of c/jsA endogene RNA. In this regard it is 
noteworthy that low levels of the 1.2 kb poly(A)^ endo- 
gene RNA molecules are seen in wild-type Petunia and 
in plants similar to the variety Red Star. 

The proposed RNA degradation scheme is based on 
the existence of complementary sequences in chsA 
mRNAthat are located at the mRNA3' end. Other exam- 
ples exist where interactions between the 3' UTR and 
other mRNA sequences are Involved in the regulation 
of RNA cleavage by guiding RNA cleavage (Wightman et 
a!., 1993). However, similar complementary sequences 
that promote RNA-RNA pairing may exist in other re- 
gions of a mRNA. Such complementarity may have been 
selected as a component of an RNA turnover control 
system by intra- or intermolecular RNA pairing. 

Why do some transgenic plants with active chsA 
transgenes have stable purple flowers? The reason 
could be that the transgenes are localized in nuclear 
sectors that give rise to less poly(A)" chsA RNA, that 
transcription rates are insufficiently high to accumulate 
enough chs RNA in the nucleus, or that the mRNAs of 
endogenes and transgenes are in different regions of 
the nucleus. Epigenetic switches in cosuppression may 
therefore be due to changes in nuclear organization or 
transgene expression, as noted for C001 and C002 here. 
They occur most frequently in meristems and affect LI 
and L2 layers simultaneously, possibly because meri- 
stems are where resetting of nuclear organization and 
transgene or endogene chromatin occurs preferentially. 
The state of cosuppression may also be activated by 
conditions that activate chsA endogenes. A boost to 
the level of endogene RNA would enhance the pool of 
molecules able to interact and drive the cycle to a new 
steady state of RIMA degradation. It is therefore relevant 
that cosuppression can be influenced by external condi- 
tions also known to influence chsA expression (Jorgen- 
sen and Napoli, 1996). 

The differences in floral patterns observed for different 
lines displaying chsA cosuppression may reflect the dif- 
ferential expression of transgenes in response to special 
gradients of transgene transcription factors in sectors of 
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the meristem (Jorgensen, 1995; Jorgensen etal., 1996). 
However, from the model proposed here they may also 
reflect the patterns of endogene expression, the loca- 
tions of transgene and endogene chsA RNAs in the nu- 
cleus, the pattern of accumulation of poly(A)" chsA 
RNAs, or conceivably the patterns of movement of small 
cleavage products of chsA RNAs between cells in the 
meristem. 

Jorgensen et al. (1996) have concluded from a large 
study of transgenic plants that single copies of trans- 
genes stimulate cosuppresion only during flower devel- 
opment (i.e., when endogene RNA is activated), whereas 
multiple copies of transgenes, and especially inverted 
repeat copies, enhance the probability of more exten- 
sive cosuppression and, in particular, cosuppression 
in leaves and stems. These structures might promote 
aberrant transgene RNAs. Our model implies that 
transgene expression is essential for transgenes to stim- 
ulate the occurrence of cosuppression. However, Van 
Blokland et al. (1994) have reported that promoterless 
transgenes can stimulate cosuppression. We cannot ex- 
plain this observation, but it may be due to transcription 
from another promoter at some point in development 
to initiate the RIMA pairing-cleavage cycle or due to 
generation of an abnormal RNA in low quantities that 
has a very high potential of being poly(A)" and thereby 
initiating the endogene RNA pairing-cleavage cycle. If, 
as we predict here, RNA-RNA pairing exists in the nu- 
cleus to drive the phenomenon of cosuppression, RNA- 
DNA pairing might also occur to cause epigenetic 
changes to the genes. Elsewhere we will present data 
on such epigenetic changes that correlate with cosup- 
pression. 

Finally, our data and the model described here are 
also consistent with recent reports about cases of post- 
transcriptional gene silencing in Neurospora crassa (Co- 
goni et al., 1996) and in virus-resistant transgenic plants 
(Baulcombe and English, 1996; English et al., 1996; 
Goodwin etal., 1996). Dougherty etal. (1994) and Smith 
et al. (1994) have offered an explanation for the means 
by which cytoplasmic viral RNA replication is inhibited 
in transgenic plants possessing low levels of transgene 
mRNA homologous to the viral RNA. Our model, derived 
from the data on chalcone synthase, has many similarit- 
ies to theirs; however, having defined an RNA degrada- 
tion product carrying a complementary sequence, we 
favor the conclusion that cytoplasmic RNA pairing- 
cleavage cycles are also the basis of transgene-pro- 
moted virus resistance. The regions of complementarity 
within RNA molecules would be expected to differ from 
case to case and may not be restricted to 3' end posi- 
tions. There has been considerable debate on whether 
antisense RNA Is involved in posttranscriptional sense- 
gene silencing (Grierson et al., 1991; Mol et al., 1991; 
Flavell, 1994). In the model proposed here, complemen- 
tary RNA is involved, but it is inherent in the sense 
transcript. 

Expenmental Procedures 
Transgenic Plants 

The transgenic Petunia hybrida plants used in our experiments were 
kindly provided by Dr. John Bedbrook (DNA Plant Technology Cor- 
poration, Oakland, California) and Dr. Richard Jorgensen (Depart- 



ment of Environmental Horticulture, University of California, Davis). 
The original transformants described by Napoli et al. (1990) and 
Jorgensen et al. (1 996) were backcrossed by us with wild-type plants 
V26 to give C001, C002 (from CHS3fl), C423 (from CHS244). and 
C356 (from CHS223). A distinct description of the transgenic Petunia 
lines including thetransgene copy numbers can be found in Jorgen- 
sen et al. (1996). In our comparative analyses we used the non- 
transgenic Petunia F1 Razzle Dazzle (Buttons Seeds Ltd., UK) with 
a flower pattern similar to that of the variety Red Star (Mol et al., 
1983). Plants of this variety show white sectors in purple flower 
tissue like that of purple-white patterned transgenic plants. 

chsA Transgene Construction and Plant Transformations 

The chsA transgene constmction and plant transformations were 
carried out at DNA Plant Technology Corporation and at the Depart- 
ment of Environmental Horticulture, University of California, Davis, 
as described in Napoli et al. (1990) and Jorgensen et al. (1996). 

Northern and Dot-Blot RNA Analyses 

Northern and dot-blot RNA analyses were carried out by follow- 
ing the Strata gene instruction manual. Total, RNA was isolated as 
described by Napoli et al. (1990) from freshly harvested leaves 
and flowers immediately frozen in liquid nitrogen. The age of the 
plants used in our analyses varied between 6 weeks to 3 months. 
For Nort:hern analyses, 10 jig of total RNA was separated on 1% 
agarose-20% formaldehyde gels; All hybridization probes were la- 
beled by random priming using [a-"P]deoxycytosine triphosphate 
([a-^'PIdCTP) (Amersham). 

RT-PCR 

RT-PCR analyses were performed following the RACE protocol 
(Frohman et al., 1988) with some modifications. One microgram of 
total RNA dissolved in sterile water was mixed with 2 (lI of lOx PCR 
buffer (100 mM Trts-HCI [pH fl.3], 500 mM KCI, 25 mM MgCt, 0.5% 
Nonidet P-40), 2 ^1 of 5 mM deoxynucleotide triphosphate mix (pre- 
pared by mixing equal volumes of 20 mM deoxynucleotides, Boeh- 
ringer Mannheim), 2 (il of 50 m.M RACE oligo dT -adaptor (B26-B25) 
or 2 ^.1 of 20 fjiM primer complementary to sense RNA, and water 
to a fmal volume of 19 jil. The mixture was heated at 65X for 5 min 
and rapidly cooled on ice. After the addition of 1 ^.1 of RT (Moloney 
murine leukemia virus [M-MLV] RT, GIBCO BRL), the cDNA synthesis 
was carried out at 52X for 30 min. The RT was subsequently inhib- 
ited by heating the samples at 99°C for 1 min. Aliquots of the resulting 
cDNA were used for PCR with final primer concentrations of 0.6 
iiM and 0.5 ^.1 Taq-pwlymerase (Boehringer Mannheim). The PCR 
reactions were carried out for 18 or 35 cycles, respectively (30 s at 
94X, 30 s at GO-C. 1 min at 72°C) and a final extension at 72°C for 
10 min. Ten microliters of the total reaction volumes were used for 
electrophoresis on 1.5%-2.5% agarose gels in Tris-borate-EDTA 
buffer. The DNA was transferred with 20x saline-sodium citrate 
onto nylon membrane and hybridized with "P-lat>eled probes. 

Linear PCR 

For linear PCR reactions, cDNA aliquots were amplified in a total 
reaction volume of 20 ^.1 using SO nM of a single ^^-end-labeled 
oligonucleotide for 18 PCR cycles (20 s at 94''C, 30 s at BOX, 30 s 
at 72X) and a final extension at 72^ for 10 min. Two microliters of 
each reaction was separated on 6% PAArUrea sequencing gels. 

PCR Sequencing of DNA Fragments 

ptdeoxy-PCR sequencing of DNA fragments isolated from agarose 
gels was can'ied out according to the protocol of Mun-ay (1989). 
Fifty nanograms of DNA template and 50 nM of a "P-end-labeled 
primer were used for 18 cycles of amplification (performed as for 
linear PCR) without a final extension at 72*C. Two microliters of of 
the resulting sequencing reaction were separated on 6% PAA-urea 
sequencirig gels. 

In Vitro Transcription, Transcript Annealing, 
and RNase III Cleavage 

PCR fragments for the region of complementarity within the chsA 3' 
end coding region and for the complete chsA 3 ' UTR were separately 
ligated with Smal-cut and T-tailed pSPT18 vector DNA (Boehringer 
Mannheim) from which the recombinant plasmids pCC9 and pETS 
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resutted. The in vitro transcription reactions were carried out ac- 
cording to the instructions of the supplier by using either T7 or SP6 
RNA polymerase and 50 ^Ci [a-"P]CTP (Amersham) or unlabeled 
CTP. After phenol extraction and ethanol precipitation, the resulting 
in vitro transcripts were mixed in a ratio of 1 to 10 (labeled to 
unlabeled). The mixed transcripts were heated at SO'C for 10 min 
followed by an incubation at 30°C for 1 hr. Aliquots of the annealing 
reactions were incubated with 1 Kunitz unit of E. coti RNase III at 
30X for 20 mIn in a buffer containing 60 mM KCI, 10 mM MgCI,, 
and 5 mM Tris-HCI (pH 7.5). Products of the in vitro reactions were 
then separated on 5% nondenaturing PAA gels. 
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In genetically modified plants, the introduced transgenes are sometimes not expressed. They can be sUenced 
Transgenes can also cause the sUencing of endogenous plant genes if they are sufficiently homologous, a phenomenon 
loiown as co-suppression. Silencing occurs transcriptionaUy and post-transcriptionally but silencing of endogenous 
genes seems predominandy post-transcriptional If. viral transgenes are introduced and silenced the post- 
transcriptionaJ process also prevents homologous RNA viruses from accumulating; this is a means of generaUne 
virus-reststant plants. A major goal of current research is to dissect the mechanism(s) of these sequence-homology- 
dependent gene sUencmg phenomena. Various factors seem to play a role, including DNA methylation transgene 
copy number and the rcpctiaveness of the transgene insert, transgene expression level, possible production of aberrant 
RNAs, and ectopic DNA-DNA interactions. The causal relationship between these factors and the link between 
transcriptional and post-transcriptional silencing is not always clear. In this review we discuss various observations 
associated with gene silencing and attempt to relate them. © 1997 Annals of Botany Company 



INTRODUCTION 

Analysis of the large collection of genetically modified 
plants generated in recent years has expanded our knowledge 
of physiological processes and gene regulation mechanisms 
tremendously. However, transgenes do not always behave 
as expected. This has revealed the existence of hitherto 
unknown cellular processes. There is considerable variation 
in the expression of transgenes in individual transformants 
which is not due to differences in copy number. Thus, gene 
activity is not exclusively determined by the strength of the 
promoter which controls transcription; epigenetic effects 
also influence expression levels. This sometimes leads to 
gene inactivation either by blocking transcription or by 
inhibiting mRNA accumulation. Until now, gene silencing 
has been a confusing field of research. Most of us stumbled 
upon this phenomenon fortuitously by analysing transgenic 
plants. The mechanisms by which silencing is achieved are 
still poorly understood. Despite the different silencing 
systems being examined, several cases of gene silencing have 
features in common which gives us insight into the factors 
involved. 

Gene silencing also occurs in untransformed plants where 
it reduces expression of endogenous genes, A number of 
mutations in various plant species appear to result from 
epigenetic gene silencing. For example, paramutation in 
maize (Brink, 1973) and tomato (Hageman, 1993) probably 
involve gene-gene interactions. Although paramutation 
was known long before the discovery of transgene-mediated 
silencing, it is only recently that the underlying molecular 
mechanisms have become apparent. Several features re- 
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0305-7364/97/010003 + 10 $25.00/0 6096i 



semble those associated with transgene-mediated silencing. 
Because of space limitations, we will only discuss the 
silencing of transgenes and endogenous genes in transgenic 
pMts. A detailed description of paramutation and related 
phenomena in untransformed plants can be found in other 
reviews (Matzke and Matzke, 1993; Patterson and Chand- 
ler, 1995) and some recent articles (Das and Messing, 1994; 
Hollick et al, 1995; Patterson et aL, 1995; Ronchi, Petroni 
and Tonelli, 1995). Various aspects of transgene-mediated 
silencing discussed here can also be found in other reviews 
(Finnegan and McElroy, 1994; Flavell, 1994; Dougherty 
and Parks, 1995; Matzke and Matzke, 1995; Baulcombe 
and English, 1996; Meyer, 1996) and books (Paszkowski, 
1994; Meyer, 1995; Grierson, Lycett and Tucker, 1996). 

SILENCING OF TRANSGENES 

Various possibilities have been raised to explain variation in 
transgene expression levels among transformants that is 
independent of copy number. All these imply that integrated 
transgenes cannot be regarded as independent transcription 
imits, Transgenes, often as part of the Agrohacterium 
tumefaciens T-DNA, integrate at different chromosomal 
locations. If they become inserted into euchromatin, in a 
transcriptionally active region (Koncz et al, 1989; Herman 
et al, 1990; Kertbundit et aL, 1991), expression may be 
influenced by regulatory sequences of nearby host genes. If 
they insert in or near repetitive DNA or heterochromatin, 
they can be inactivated (Prols and Meyer, 1992). Another 
important factor associated with gene silencing is the 
number of transgenes per integration site. The T-DNA 
transfer system can insert two or more T-DNAs at the same 
chromosomal site. These T-DNAs can be arranged 'head- 
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Fig. 1. Gene silencing pathways in transgenic plants. Various, seemingly conflicting, observations are combined to illustrate their possible inter- 
relations (see text for details), A key feature of transcriptional silencing of transgenes is DNA methylation (encircled) and possibly, the formation 
of heterochromatin, by which promoters become inactive. Models of post-transcriptional silencing of transgenes and of endogenous genes are 
speculative. The key features considered are: the production of aberrant transcripts (encircled), the activity of a host encoded RNA-directed 
RNA polymerase (RdRP) and production of complementary RNA (cRNA or antisense RNA). The ways aberrant RNAs might be produced are 
indicated in the bottom right half of the figure. Note that transcriptionally inactive and promoterless transgenes are assumed to trigger PTGS 
of the endogenous gene via an ectopic interaction (bottom far right). *A11 endogenous genes tested thus far are post- transcriptionally silenced 
by transgenes which contain the corresponding coding region, except in one case where an homologous cabl4() promoter was used to drive a tms2 
transgene which led to a reduced transcription of the endogenous cab gene (Brusslan ei aL, 1993). t in one case it has been reported that viroid 
RNA in plants triggered the methylation of the corresponding transgene sequence in the genome (Wassenegger et ai, 1994). 



to-tail' as a direct repeat (DR), and * head-to-head' or * tail- 
to-tail' as an inverted repeat (IR). Transgenes of T-DNAs 
that are organized as IRs often show low expression (Jones 
et aL, 1987; Jorgensen, Snyder and Jones, 1987) indicating 
that the genes are silenced to some degree. 

There are two kinds of gene silencing. Firstly, tran- 
scriptional gene silencing (TGS), which results from pro- 
moter inactivation; and secondly, post-transcriptional gene 
silencing (PTGS) which occurs wh^n the promoter is active 
but the mRNAs fail to accumulate. Even though this clear 
difference suggests two distinct silencing mechanisms, the 
two seem related, in particular when one invokes interactions 
between homologous DNA sequences. This notion is 
inspired by observations that DNA methylation, which is 
often associated with TGS, is sometimes also found 
associated with PTGS (Hobbs, Warkentin and Delong, 
1993; Ingelbrecht et al, 1994; Smith et al, 1994; English, 
Mueller and Baulcombe, 1996). The scheme presented in 
Fig. 1 attempts to connect the various features of TGS and 
PTGS. Although some of the proposed interactions and 
models are highly speculative, this scheme functions as a 
framework for the discussions below. 

Silencing-associated DNA methylation 

As methylation in eukaryotes causes gene inactivation 
(Bird, 1992; Martienssen and Richards, 1995) it is not 
surprising that it is also found associated with transgene 
silencing (Matzke et al., 1989; Linn et aL, 1990; Kilby, 
Leyser and Furner, 1992; Assaad, Tucker and Signer, 1993 ; 
Hobbs et al, 1993; Vaucheret, 1993; Ingelbrecht et al., 
1994; Meyer, Niedenhof and Ten Lohuis, 1994; Smith et al,y 



1994; Vaucheret, 1994). In plant DNA, 5-methyl-cytidine is 
found in CpG and CpNpG symmetrical sites but also in 
non-symmetrical sites (Ingelbrecht et al, 1994; Meyer et al, 
1994; Park et al,, 1996), thus essentially any cytidine in the 
DNA can be methylated. 

TGS is often associated with heavily methylated and 
inactive promoter sequences (Meyer, Heidmann and 
Niedenhof, 1993 ; Neuhuber et al, 1994; Park et al,, 1996). 
The effect of methylation on gene expression in other parts 
than the promoter is less obvious. Although methylation of 
the coding region generally has no detectable effects on 
transcription (Hobbs et al, 1993; Ingelbrecht et al, 1994; 
Smith et al, 1994; English et al, 1996) in some cases it 
appears to be involved in PTGS (sec below). 

Gene silencing is usually detected when the system has 
reached a steady-state condition. This means that nothing is 
known about the events shortly after the transgenes have 
been inserted into the genome. Therefore, it remains 
unresolved whether methylation establishes silencing, or 
whether it is a response to a change in chromatin structure 
and that it now functions epigenetically to maintain and 
transmit the silent state. Some of the factors that might be 
involved in de novo methylation of transgene sequences are 
considered below. 

Chronwsontal environment of the transgene. When a 
transgene integrates into a chromosomal region that is 
heavily methylated and/or repetitive, it is silenced (Prols 
and Meyer, 1992). This suggests that the character of the 
flanking DNA, methylated or heterochromatin, is imposed 
upon the inserted transgenes. However, a transgene inte- 
grated into hypomethylated £)NA can also be tran- 
scriptionally inactivated (Prols and Meyer, 1992; Meyer et 
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al., 1993). This has been observed with a maize Al gene in 
petunia whereby only the inserted DNA was methylated 
(Meyer and Heidmann, 1994). This de novo methylation of 
foreign DNA is thought to be a cellular defence response 
against the potential harmful activity of this DNA (Doerfler, 
1995), How DNA is recognized as being * foreign' is 
unknown, but it might be related to a different adenine- 
thymine (AT) content relative to that of the flaiLking DNA 
(Salinas et al, 1988; Matassi et al, 1989; Meyer and 
Heidmann, 1994; Elomaa et al, 1995). 

Repeat-induced DNA methylation, Transgenes of T-DNAs 
which are inserted as a DR or an IR have a tendency to 
become inactivated. This is frequently associated with DNA 
methylation (Hobbs, Kpodar and Delong, 1990 ; Kilby et al, 
1992; Assaad et al, 1993; Hobbs et al, 1993; Vaucheret, 
1993; Matzke et al, 1994; Stam and Kooter, unpubl. res.). 
The trigger of this de novo methylation is unknown but is 
probably a response to the repetitive nature of the locus. But 
how? In the case of IRs it might be the ability to create a 
cruciform which is a good substrate for DNA methyl- 
transferases (Laayoun and Smith, 1995), In general, the 
more copies a locus contains, the stronger the inactivation 
(Matzke et al, 1994), Assaad et al (1993) were able to 
follow recombination derivatives of a transgene locus that 
contained repetitive sequences. Predominantly, the multi- 
gene recombinants showed silencing. These cases of repeat- 
induced gene silencing (RIGS) resemble phenomena in 
other eukaryotes, such as repeat-induced point mutation 
(RIP) in Neurospora crassa (Singer, Marcotte and Selker, 
1995; Singer and Selker, 1995) and methylation-induced 
pre-meiotically (MlP).in Ascobolus immersus (Rhounim, 
Rossignol and Faugeron, 1992; Rossignol and Faugeron, 
1995). In these fungi, inactivation of tandemly duplicated 
genes is very efficient and there is evidence to suggest that it 
is mediated by DNA-DNA pairing (Selker and Garrett, 
1988). 

DNA-DNA interactions and gene silencing in trans, A 
transgene locus that is silenced can silence homologous 
transgenes at ectopic loci (Matzke et al, 1989; Vaucheret, 
1993; Matzke et al, 1994). When the silencing locus is 
methylated, the target locus also becomes methylated. In 
the case of homologous promoters this transfer of 
methylation can lead to transcriptional inactivation. This 
has been described in detail for a potent silencer locus, the 
271 transgene locus, which contains antisense nitrite 
reductase genes driven by a strong CaMV-35S promoter 
(Vaucheret, 1993; Elmayan and Vaucheret, 1996; Park et 
al, 1996). This silencing locus contains multiple copies and 
appears very efficient in sensing homologous sequences 
elsewhere in the genome which are then methylated. When 
and how this interaction occurs, and how it leads to 
methylation is unknown, but some of the possibilities are 
discussed by Matzke and Matzke (1995). 

Methylation of the target genes is erased after crossing 
out the silencing locus. This does not happen immediately 
but occurs gradually in successive generations (Matzke and 
Matzke, 1991) or even during a plant's lifetime (Vaucheret, 
1994). Thus, to maintain the fully inactive state, the silencing 
locus needs to be present permanently, suggesting regular 
cross-talk between the homologous sequences. Cross-talk 



between homologous transgene sequences might be en- 
hanced in homozygous plants. An inactive single copy 
transgene is even able, to inactivate an active allele in trans, 
probably by an allelic interaction (Meyer et al, 1993). This 
and other results (see below) indicate that even with single 
copy insert transformants, which usually give the least 
problems concerning stable transgene expression, one 
occasionally encounters gene inactivation in plants homo- 
zygous for the transgene. Potentially, this may cause 
problems in breeding programmes where inbred lines are 
used. It occurs quite often that transgenes in hemi- and 
homozygous plants behave differently. In many cases 
silencing is only observed or is severly enhanced in 
homozygous plants (e.g. De Carvalho et al, 1992; Hart et 
al, 1992; Dehio and Schell, 1994; Brandle et al, 1995; 
Vaucheret et al, 1995; Elmayan and Vaucheret, 1996; 
Howie et al, 1996). It is interesting to note that silencing 
also occurs in haploid plants that were generated from 
anthers from non-silenced heraizygous plants (De Carvalho 
et al, 1992; Elmayan and Vaucheret, 1996), These results 
indicate that an allelic interaction between transgene loci is 
not necessary in homozygous plants for the induction of 
silencing, merely the gene dosage per genome is important, 

POST-TRANSCRIPTIONAL SILENCING OF 
TRANSGENES AND HOST GENES 

Transcriptional silencing as a result of promoter inactivation 
by DNA methylation and/or heterochromatinization is 
conceptually straightforward, even though many of the 
underlying molecular events need to be worked out. It seems 
more complicated when gene silencing results from a post- 
transcriptional process (Fig. 1 , right-hand side). In this case, 
promoters are active and the genes transcribed, but mRNA 
fails to accumulate. The transgene-induced PTGS mech- 
anism affects expression of the transgenes and of endogenous 
genes with which they share a considerable degree of 
sequence ideiitity. The latter case is also known as co- 
suppression because the endogenous genes and the 
transgenes are silenced, Co-suppression was first observed 
with genes involved in flower pigmentation (Napoli, 
Lemieux and Jorgensen, 1990; Van der Krol et al, 1990) 
and in tomato fruit ripening (Smith et al, 1990), Silencing 
of the chalcone synthase {chs) genes in petunia flowers 
occurs post-transcriptionally (Van Blokland et al, 1994, 
Metzlaff, O'Dell, and Flaveli, 1996). Using homologous 
sense transgenes, the expression of many endogenous genes 
has been suppressed. This approach is now frequently used 
to study gene function as inactivation of endogenous genes 
can result in mutant phenotypes (Fig. 2). 

Characteristics of PTGS 

The PTGS mechanism appears to act on any RNA that is 
homologous to the transgene that has activated it, thus from 
transgenes, endogenous genes and from transiently ex- 
pressed genes (Hobbs et al, 1993; English et al, 1996). 
Also, viral RNAs are attacked when transgenes are used 
that contain viral sequences (De Haan et al, 1992; Lindbo 
et al, 1993; Mueller et al, 1995). The same holds for 
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Wild-type Ovary of fbpJI Wild-type Nitrate reductase 

petunia ovary silenced transformcint tobacco silenced trcinsformant 

Fig. 2, Phenotypic alterations caused by transgene-induced silencing of endogenous genes. A, Silencing of tiie anthocyanin biosynthesis gene 
chalcone synthase (chs) in petunia corollas by chs sense transgenes. The degree and extent of silencing varies among independent transformants 
resulting in various pigmentation patterns (Van Blokland et al., 1994; Stam and Kooter, unpubl. res.). On the left is a wild-type V26 flower. The 
cause of the patterned silencing is unknown. B, Silencing of fhpll^ a MADS box. gene, in petunia transformants containing CaMV-35S driven 
sense Jbpll transgenes. This results in aberrant ovule development. On the left is a wild-type ovary; on the right that of the spaghetti mutant 
(Photograph kindly provided by Gerco Angenent; For details, see Ajigenent et aL, 1995). C, Silencing of nitrate reductase expression in tobacco 
by CaMV-35S promoter driven sense nitrate reductase transgenes which results in cUorotic plants (right). (Photograph kindly provided by Herve 
Vaucheret. Reprinted by permission from Molecular & General Genetics. Copyright 1994, Springer Verlag; For details, see Dorlhac de Borne 

et al., 1994). 

engineered chimaeric viruses which, contain non-viral 
sequences. Transformants carrying silenced uidAy nptll 
transgenes, or polygalacturonase trans- and endogenous 
genes, do not accumulate chimaeric viruses that carry 
sequences of these genes (English et aL, 1996). The 'foreign' 
sequence in the viral RNA acts as a target for the degradation 
machinery. Interestingly, in the case of uldA^ only viruses 
which carried the 3' region of the uidA coding region did not 
accumulate. Thus not every sequence can act as a target for 
RNA degradation (see below). 

The proportion of transformants in which transgenes 
and/or homologous host genes are silenced varies, but can 
be very high (Elmayan and Vaucheret, 1996; Jorgensen et 
al, 1996). The reasons for this are not known exactly, but 
they seem to be related to transgene expression levels and 
the organization of the T-DNA inserts. Moreover, silencing 
does not always occur in every cell of a particular tissue. In specific transcripts. Whether the reduction results from 
the case of anthocyanin gene silencing, this is clearly visible RNA instability, from activation of a sequence-specific 
by the various flower coloration patterns (Van der Krol RNA degradation process, or a combination of both, is 
et al, 1990; Van Blokland et al, 1994; Jorgensen, 1995; unknown. The right-hand side of Fig. 1 gives an overview of 



Jorgensen et al, 1996) (Fig. 2 A). In some systems the PTGS 
is developmen tally regulated. Silencing of uidA (Elmayan 
and Vaucheret, 1996), chitinase (Kunz et al, 1996) and of 
yff-l,3-glucanase transgenes in tobacco (De Carvalho Niebel 
et al, 1995), does not occur in young seedlings but starts 
between 2 and 6 weeks after germination, depending on the 
expression level of the transgenes. A similar meioticaJly 
reversible silencing was observed with rolB transgenes in 
Arabidppsis (Dehio and Schell, 1994). Taken together, the 
PTGS mechanism(s) must not only account for the enhanced 
turnover of specific transcripts but also for the devel- 
opmental and spatial control of this process. 

Possible PTGS mechanisms 
The hallmark of PTGS is the reduced accumulation of 
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several possibilities in an attempt to relate different PTGS 
features. These include a role for transgene expression level, 
for the structure and methylation of a multicopy locus, and 
whether or not the nucleus contains an endogenous 
homoiogue. The latter is important because the mRNA 
elimination process may be activated by means of an 
interaction of the transgene locus with the endogenous 
gene(s) (Van Blokland et al., 1994) which might only be 
possible with particular transgene loci. 

Role of transgene expression level. An attractive model 
explaining PTGS invokes an effect of highly expressed 
transgenes. In this model, the transgenes produce so much 
RNA that the level exceeds a critical threshold thereby 
triggering a mechanism that specifically removes all hom- 
ologous RNAs irrespective of their source. This RNA 
threshold model gained support from observations whereby 
PTGS was correlated with highly expressed transgenes 
conferring viral resistance (Lindbo et al, 1993 ; Smith et al^ 
1994; Goodwin et al., 1996). Plants containing highly 
transcribed transgenes did not accumulate the transgenic 
mRNAs and were also resistant to infection by an 
homologous RNA virus (Smith et al., 1994; Goodwin et al., 
1996). Plants in which the transgenes were transcribed at 
lower levels accumulated transgenic RNA normally, but 
were also sensitive to a viral infection. Sometimes a virus 
infection is needed to induce the PTGS mechanism and 
resistance. This result is in line with reaching the hypothetical 
RNA threshold level (Lindbo et al, 1993). The threshold 
model may also explain PTGS of highly expressed uidA 
transgenes in tobacco (Elmayan and Vaucheret, 1996) and 
of single copy chs transgenes in petunia (Jorgensen et al, 
1996). Also studies by Metzlaff et al. (1996) of chs co- 
suppression in petunia transformants suggest that silencing 
requires active transgenes. 

Not all cases of PTGS are associated with highly expressed 
transgenes. For example, the degree of viral resistance is not 
always directly related to viral transgene expression (Mueller 
et aly 1995; English et al, 1996; see below and reviews on 
strategies and mechanisms of viral resistance by Pang, 
Slightom and Gonsalves, 1993; Baulcombe, 1994, and 
Dougherty and Parks, 1995). Also silencing of the chs genes 
in petunia is not always associated with highly transcribed 
chs transgenes (Van Blokland et al, 1994). This suggests ' 
that the absolute level of normal mRNAs is not important. 
It might be more crucial to have sufficient amounts of an 
RNA that is qualitatively distinct from the regular mRNA. 
These so-called aberrant RNAs are thought to be required 
for activating tbe PTGS mechanism (Dougherty and Parks, 
1995; Metzlaff er al, 1996). 

PTGS and methylated transgenes. PTGS is frequently, 
associated with methylated transgenes (Hobbs et al, 1990, 
1993 ; Ingelbrecht et al, 1994; Smith et al, 1994; English et 
al, 1996). The PTGSed genes described by Ingelbrecht 
et al (1994) were methylated up- and downstream of the 
coding region. Also Smith et al. (1994) noticed that the viral 
transgenes of the virus-resistant plants were methylated 
more than those of the sensitive plants. Despite this 
methylation, the promoters were active and the genes 
transcribed, but whether the transcripts were normal is 
unknown. In Ascobolus immersus, transcription of meth- 



ylated genes gives rise to truncated transcripts (Barry, 
Faugeron and Rossignol, 1993). Although this was 
suggested to result from premature termination of tran- 
scription, a specific degradation of the RNA part that is 
transcribed from the methylated DNA region cannot be 
ruled out. Indeed Ingelbrecht et al (1994) showed that post- 
transcriptionally silenced nptll genes in tobacco were 
transcribed beyond methylated restriction sites at the 3' end 
of the gene. 

Studies by English et al (1996) provided more direct 
evidence for a role of DNA methylation in PTGS. The 
PTGSed uidA genes in the tobacco plants described by 
Hobbs et al (1990, 1993) were more methylated near the 3' 
end of the gene which included the poly-adenylation region. 
Importantly, this 3' region was also needed to prevent 
infection by the PYX-uidA chimeric viruses, as if this part of 
the RNA is the target for the degradation of RNA, Thus, 
there seems to be a link between DNA-methylation and the 
RNA-based silencing mechanism (English et al, 1996). 

Although in some cases transgene PTGS is associated 
with methylation, there is no evidence that the post- 
transcriptionally silenced endogenous genes axe methylated 
(Hart et al, 1992; Stam and Kooter, unpubl. res.), despite 
the fact that the transgenes contain coding regions which 
are potentially able to induce methylation of a target locus. 
Where it has been examined, the promoters of post- 
transcriptionally silenced endogenous genes are normally 
active and the genes are transcribed at wild-type levels (Van 
Blokland et al, 1994; De Carvalho Niebel et al, 1995; 
Kunz et al, 1996), However, there is one example where 
transcription of an endogenous gene, cab 140 in Arahidopsu;, 
is decreased (five-fold) due to the presence of a cabl40 
promoter-driven transgene (Brusslan et aly 1993; Brusslan 
and Tobin, 1995). This reduced transcription is probably 
the result of an epigenetic change of the promoter caused by 
the homology between the promoters of the transgene and 
the endogenous genes. The molecular basis of the silencing 
is not yet known but methylation does not seem to be 
involved (Brusslan et al, 1993). 

RNA'directed DNA methylation (RdDAd). There is one 
study that provides evidence for a role of RNA in de novo 
methylation of the homologous DNA (Wassenegger et al, 
1994), In tobacco transformants it was found that transgenes 
composed of three or four tandemly arranged viroid cDNAs 
in sense or antisense orientation and driven by the CaMV- 
35S promoter were methylated. It was argued that this 
methylation was caused by the viroid RNAs. However, it 
cannot be ruled out that methylation of the three and four- 
copy transgene constructs was due to the repetitive nature 
of the transgenes (see above). The demonstration that a 
two-copy and a monomeric viroid cDNA construct, which 
were unmethylated, became methylated after the plant was 
infected with viroid RNA and replication had taken place, 
indicate that the viroid RNA is responsible for the 
methylation of the homologous transgene DNA rather than 
the transgene structure or the integration site. How this 
occurs is unknown but it is conceivable that DNA-RNA 
hybrids are formed (Wassenegger et al, 1994). These 
structures might be good substrates of DNA-methyl- 
transferases, like cruciform structures in DNA. Whether this 
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intriguiag RdDM mechanism is just a response to certain 
nucleic acid interactions or a genuine regulatory mechanism 
to control gene expression by epigenetic changes remains to 
be resolved. 

Although viroid RNA induces methylation of viroid 
transgenes which may spread into the promoter region and 
cause transcriptional silencing, it does not result in a 
detectable post-transcriptional silencing (and as a result 
viroid resistance) as is observed for the plus-RNA viruses 
(PVX, PVY). It is not known why, but one possibility is that 
the viroid RNAs cannot be reached for degradation as they 
reside in the nucleus (Harders et al, 1989). At present it is 
not known if DNA methylation induced by viroid RNA is 
an exception or that other (abundant) RNAs can do the 
same. This interesting possibility was raised to explain some 
of the silencing phenomena involving methylated transgenes 
(Wassenegger et al, 1994), 

Elimination of homologous transcripts. If the PTGS 
mechanism is induced according the RNA threshold model 
it implies that cells are able to measure levels of specific 
RNAs. If this activity functions in normal cells monitoring 
RNA levels from endogenous genes, one would expect that 
it also establishes and maintains a certain steady-state RNA 
level in transgenic cells. This is not the case: the vast 
majority of homologous RNAs are degraded. Either such 
an RNA-control activity does not exist in normal cells or it 
is modified by the products of the transgenes, perhaps as a 
sort of defence mechanism against the possible harmful 
effects of these * foreign' DNAs. 

We can only speculate about the nature of this RNA 
degradation activity. Dougherty's group postulated a role 
for complementary RNAs (cRNA) synthesized by the 
plant-encoded RNA-dependent RNA polymerase (RdRP) 
in the cytoplasm (Lindbo et al, 1993 ; Dougherty and Parks, 
1995). RdRP from tomato was recently characterized 
(Schiebel et al.^ 1993a) and it was shown that in vitro, this 
enzyme synthesizes small RNAs from RNA templates 
(Schiebel et al,, 19936). It is hypothesized that in vivo these 
cRNAs hybridize to coniplementary mRNAs which are 
then degraded by double-stranded RNA specific RNases: 
The appeal of the RdRP-cRNA model is that it explains the 
strong sequence specificity of PTGS. 

In the case of chs co-suppression in petunia, Metzlaff et 
al., (1996) detected considerable amounts of RNA degra- 
dation intermediates derived from the .3' half of the chs 
mRNA. Also smaller 3' end products were detected and the 
sequence of these smaller RNAs revealed that they were 
derived from transcripts of which a small segment was 
removed by cryptic splicing. This unusual splicing event and 
the finding that unspliced chs transcripts in cA.v-silenced 
tissues accumulate (Van Blokland et aL, 1996) suggest that 
the processing of primary transcripts is to some extent 
impaired. The response to the presence of these unusual 
transcripts is unknown but one may speculate that they can 
act as template for the RdRP. 

PTGS of endogenous genes and the presence of specific 
transgene loci. Van Blokland et al. (1994) observed silencing 
of endogenous chs genes in petunia with promoterless chs 
transgenes and could not correlate silencing with a particular 
level of transgene expression. Apparently, the amount of 



transgene product is not important, suggesting that the 
PTGS mechanism is activated in a different way. In this 
alternative way, the structure of the silencing T-DNA loci 
may play an important role. It is becoming clear that PTGS 
is often associated with multicopy T-DNA loci (Hobbs et 
al., 1993; Dehio and Schell, 1994; Ingelbrecht et al., 1994;' 
Van Blokland et al., 1994; English et aL, 1996; Stam and 
Kooter, unpubl. res.). It is, as yet, unknown how the 
organization of a transgene locus affects PTGS. There are at 
least two possibilities ; the first is that a multicopy locus is 
prone to deliver the hypothetical aberrant RNA assumed to 
trigger the cytosolic RNA degradation machinery directly 
(see before). Obviously, this requires transcription of the 
transgenes. The aberrant nature of the RNAs might 
originate from read-through transcription, abnormal RNA 
processing, or transcription of a methylated template (Smith 
et al, 1994; English et al, 1996). When the RNA 
degradation machinery is activated, it ehminates all hom- 
ologous RNAs. The second possibility applies only to cases 
where the genome contains an endogenous homologue (Fig. 
1, far, right). Given that barely-transcribed chs sense 
transgenes and promoterless transgenes are able to confer 
strong suppression of endogenous chs genes (Van Blokland 
et al, 1994; Stam and Kooter, unpubl. res.) it is unlikely, 
though not excluded, that a transgene-derived RNA plays a 
key role in this PTGS process. In line with the RdRP-cRNA 
model (Dougherty and Parks, 1995), we think that aberrant 
RNAs might be derived from the endogenous chs genes. 
But how? One possibilty is that it occurs as a result of 
ectopic DNA pairing (Jorgensen, 1992) between the 
transgene locus and the endogenous gene(s). Based on the 
detection of elevated levels of unspliced chs transcripts in 
nuclei containing silenced chs genes (Van Blokland et al, 
1996), this pairing event may have changed features of the 
endogenous gene leading to an impaired processing and/or 
transport of the RNAs (Fig. 1). These transcripts may be 
intrinsically unstable and rapidly degraded, or may act as 
aberrant RNA causing the degradation of other homologous 
RNAs. Not all transgene loci may be able to pair ectopically 
with an endogenous gene. An essential property seems that 
they are repetitive. Thus, far, all the T-DNA loci that we 
have found to induce PTGS of chs contain two or more T- 
DNAs arranged as IRs (Stam and Kooter, unpubl. res.). In 
the case of IR-c/^v-silencing loci, sequences near the centre 
of the IR are more methylated than those at the borders, 
and when present, the CaMV-35S promoter is barely active. 
This methylation pattern might be formed due to the ability 
of an IR to form a cruciform which initiates at the centre. 
A property of a methylated repeat locus is that it can induce 
the methylation of an ectopic transgene copy, probably by 
DNA-DNA pairing, and inactivate it (see before). Given 
this possibility, it seems reasonable to assume that a 
methylated IR locus is able to interact with an endogenous 
gene thereby modifying its epigenetic state. Thus, regarding 
DNA-DNA interactions, TGS and PTGS seem to have 
features in common. Except, that they do not lead to 
transcriptional silencing of the endogenous genes, probably 
because the homology of the transgenes is usually confined 
to the coding region. There are no indications that the 
methylation status of the endogenous genes is changed. 
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Observations with IRs and DRs in Drosophila, which 
lacks 5-niethyl-cytidine in its DNA, indicate that repeats 
somehow interact with each other, leading to the formation 
of heterochromatin (Dorer and Henikoff, 1994). By analogy, 
it is conceivable that the proposed interaction between the 
repeat locus and the endogenous gene(s) does not lead to a 
change in methylation but to a change in chromatin 
structure. The result of this change would be the production 
of the hypothetical aberrant and /or unstable transcripts. By 
analysing petunia transformants carrying CaMV-35S 
promoter-driven chs sense or antisense transgenes, 
Jorgensen et al, (1996) showed that the pattern of chs 
silencing in flowers correlated with the repetitiveness and 
organization of the transgenes in- these plants. The pig- 
mentation pattern caused by single-copy transgene inserts is 
mostly regular (junction type) whereas that by IRs is often 
complex and sometimes recognizable as the 'Cossack 
Dancer* pattern. To explain these differences it was 
suggested that in silenced and unsilenced cells the transgenes 
are transcribed at different levels, due to the unequal 
distribution of transcription factors needed to express the 
transgenes (Jorgensen et aly 1996), But, run-on assays 
indicate that the CaMV-35S promoter is about equally 
active in silenced and uusilenced cells (Van Blokland et al, 
1996). Thus, it seems more likely that the various silencing/ 
pigmentation patterns are established in another fashion. 
Regarding the sometimes irregular silencing patterns, it is 
tempting to speculate that silencing is influenced by the 
.chromatin structures of the transgenes and of the en- 
dogenous genes which may vary slightly among cells of the 
same tissue. 

CONCLUSIONS 

The factors involved in PTGS and TGS are beginning to 
emerge. It seems reasonable to conclude that most cases of 
gene silencing involve processes acting on DNA and/or 
RNA in which the higher order chromatin structure of the 
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Fig. 3. Gene silencing associated phenomena viewed as different 
features ofone and the same pathway. The most upstream feature is the 
presence of a multicopy transgene locus, the most downstream, the 
activation of a sequence-specific RNA degradation process (sec text for 
further details). 



transgenes and endogenous genes and DNA methylation 
also play a role. One way of interpreting the various 
observations associated with gene silencing is that there are 
several independent pathways leading to gene silencing. 
Alternatively, one can look at the different observations as 
representing different steps of the same pathway, which 
contains side branches and entry points as shown in Fig. 3. 
In this working model, the most up-stream step is the 
presence of a multi-copy transgene locus and the most 
down-stream one is the hypothetical cRNA-mediated 
RNA degradation process. Methylation . and/or hetero- 
chromatinization of transgenes may result in transcriptional 
inactivation. If methylation does not lead to transcriptional 
silencing, transcription may give rise to aberrant RNAs, 
thereby activating the RdRP-cRN A mechanism. If RdRP is 
involved, it is important to find out what RNA templates 
are used. Is it indeed the hypothetical aberrant RNA 
that results from RNA over-abundance, from RNA- 
modification, from a particular transgene configuration, or 
from an endogenous gene as a result of frort.v-interactions 
with a multicopy transgene locus? 

The RdRP-cRNA model makes several testable pre- 
dictions, including the production of cRNAs. However, a 
crucial test is to generate mutants in which the RdRP 
gene(s) are knocked-out and to see whether these plants, if 
viable, are able to induce the PTGS mechanism. This awaits 
cloning of the RdRP genes. Another genetic approach is to 
identify mutants in which silencing is changed by mutations 
in host factor genes. Two such modifier loci have been 
genetically identified in Arabidopsis which affect PTGS of 
rolB transgenes (Dehio and Schell, 1994). Once we have 
answered some of the questions regarding the mechanisms 
of silencing we may be able to design transgene constructs 
that efficiently silence endogenous genes. It should also be 
possible to prevent silencing of transgenes, if stable 
expression is required. In this regard, considerable progress 
has already been made by flanking transgenes with inatrix 
associated regions (MARs; Mlynarova et al, 1994, 1995; 
Spiker and Thompson, 1996). Besides these practical 
considerations, the exciting part of the silencing research is 
the disclosure of some intriguing cellular processes in plants. 
It will be a challenge to learn if they play a regular role in 
controlling gene expression or if they act as a defence 
response to the effects of invading DNA, virus infections, 
transposon activity or DNA rearrangements. 
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Figure 5 
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Figure 7B 
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Figure 8 
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1 

ENHANCED EXPRESSION IN PLANTS 

This is a continuation of application Ser. No. 08/333,665 
filed Nov. 3, 1994 which issued as U.S. Pat. No. 5,593,874 
on Jan. 14, 1987; which is a continuation of application Ser. 5 
No. 08/181,364 filed Jan. 13, 1994 which issued as U.S. Pat. 
No. 5,424,412 on Jun. 13, 1995; which is a continuation of 
application Ser. No. 07/855,857 filed on Mar. 19, 1992, now 
abandoned. 

This invention relates to recombinant expression lo 
systems, particularly to plant expression systems for 
expressing greater quantities of proteins in plants. 

BACKGROUND OF THE INVENTION 

Recombinant genes for producing proteins in plants com- 
prise in sequence a promoter which functions in plants, a 
structural gene encoding the target protein, and a non- 
translated region that functions in plants to cause the addi- 
tion of polyadenylated nucleotides to the RNA sequence. 
Much scientific effort has been directed to improve these '^^ 
recombinant plant genes to express larger amounts of the 
target protein. 

One advantage of higher levels of expression is that fewer 
numbers of transgenic plants need to be produced and 
screened to recover plants producing sufficient quantities of 
the target protein to be agronomically significant. High level 
expression leads to plants exhibiting commercially impor- 
tant phenotypical properties. 

Improved recombinant plant genes have been found by 3q 
use of more potent promoters, such as promoters from plant 
viruses. Further improvement in expression has been 
obtained in gene constructs by placing enhancer sequences 
5' the promoter. Still further improvement has been 
achieved, especially in monocot plants by gene constructs 35 
having introns in the non-translated leader positioned 
between the promoter and the structural gene coding 
sequence. For example, Callis et al. (1987) Genes and 
Development, Vol. 1, pp. 1183-1200, reported that the 
presence of alcohol dehydrogenase-1 (Adh-1) introns or 4Q 
Bronze-1 introns resulted in higher levels of expression. 
Dietrich et al. (1987)/. Cell Biol, 105, p. 67, reported that 
the 5' untranslated leader length was important for gene 
expression in protoplast. Mascarenkas et al. (1990) Plant 
Mol Biol, Vol. 15, pp. 913-920, reported a 12-fold and 45 
20-fold enhancement of CAT expression by use of the Adh-1 
intron. Vasil et al. {19^9) Plant Physiol, 91, pp. 1575-1579, 
reported that the Shrunken-1 (Sh-1) intron gave about 10 
times higher expression than constructs containing the 
Adh-1 intron. Silva et al. (1987)/. Cell Biol, 105, p. 245, 50 
reported a study of the effect of the untranslated region of the 
18 Kd heat shock protein (HSP18) gene on expression of 
CAT. Semrau et al. (1989)/. Cell Biol, 109, p. 39A, and 
Mettler et al., N.A.T.O. Advanced Studies Institute on 
Molecular Biology, Elmer, Bavaria (May 1990) reported 55 
that the 140 bp intron of the 82 Kd heat shock protein 
(HSP82) enhanced expression in maize protoplasts. 

The search for even more improved recombinant plant 
genes continues for the reasons discussed above. 

SUMMARY OF THE INVENTION 

This invention is for an improved method for the expres- 
sion of a chimeric plant gene in plants, particularly to 
achieve higher expression in monocot plants. The improve- 
ment of the invention comprises expressing a chimeric plant 65 
gene with an intron derived from the 70 Kd maize heat shock 
protein (HSP70) selected from the group consisting essen- 



2 

tially of SEQ ID N0:1, SEQ ID N0:2 and SEQ ID N0:3 in 
the non-translated leader positioned 3' from the gene pro- 
moter and 5' from the structural DNA sequencing encoding 
a protein. 

One embodiment of the invention is a recombinant, 
double stranded DNA molecule comprising in sequence: 

(a) a promoter that functions in plant cells to cause the 
production of an RNA sequence; 

(b) a non-translated leader DNA sequence comprising an 
intron selected from the group consisting essentially of 
SEQ ID N0:1, SEQ ID N0:2 and SEQ ID N0:3; 

(c) a structural DNA sequence that causes the production 
of an RNA sequence that encodes a protein; and 

(d) a 3' non-translated sequence that functions in plant 
cells to cause the addition of polyadenylated nucle- 
otides to the 3' end of the RNA sequence, the intron 
being heterologous with respect to the promoter. 

Another embodiment of the invention is an isolated DNA 
sequence consisting essentially of the nucleotides shown in 
SEQ ID N0:1. 

Another embodiment of the invention is a synthetic DNA 
sequence selected from the group consisting essentially of 
the nucleotides shown in SEQ ID NO: 2 and nucleotides 
shown in SEQ ID N0:3. 

Another embodiment of the invention is transgenic plants, 
particularly monocot plants, comprising the chimeric plant 
genes described above. The resultant transgenic plants are 
capable of expressing a foreign gene which has been 
inserted into the chromosome of the plant cell. 

The invention provides chimeric plant genes that, when 
expressed in a transgenic plant, provide greater quantities of 
the desired protein encoded by the structural coding 
sequence in the chimeric gene of the invention. The high 
protein levels impart important agronomic properties to the 
plant depending on which protein is present. For example, 
expression of a Bacillus thuringiensis crystal toxin protein 
protects the transgenic plant from insect attack. Expression 
of a plant virus coat protein protects the transgenic plant 
from plant viral infections. Expression of a glyphosate 
tolerant gene protects the transgenic plant from the herbi- 
cidal action of glyphosate herbicide. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the DNA sequence of the intron from the 
70 Kd maize heat shock protein, SEQ ID N0:1. 

FIG. 2 illustrates a truncated DNA sequence with internal 
deletions of the intron from the 70 Kd maize heat shock 
protein, SEQ ID N0:2. 

FIG. 3 illustrates another truncated DNA sequence with 
internal deletions of the intron from the 70 Kd maize heat 
shock protein, SEQ ID N0:3. 

FIG. 4 illustrates a physical map of the plasmid 
pMON8677. 

FIG. 5 illustrates a physical map of the plasmid 
pMON8678. 

FIG. 6 illustrates a physical map of the plasmid 
pMON19425. 

FIG. 7A shows the steps employed to prepare 
pMON19457. FIG. 7B shows the steps employed to prepare 
pMON19470. 

FIG. 8 illustrates a physical map of the plasmid 
pMON19470 comprising the HSP70 intron and a number of 
restriction sites for insertion of a structural gene encoding a 
protein to be expressed in plants. 

FIG. 9 illustrates a physical map of the plasmid 
pMON19433 comprising an HSP70 intron and a GUS 
coding sequence. 
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FIG. 10 illustrates a physical map of the plasmid 
pMON19437 comprising an HSP70 intron and a LUX 
coding sequence. 

FIG. 11 illustrates a physical map of the plasmid 
pMON10921 comprising an HSP70 intron and a Bt.k.- 5 
HD73 coding sequence. 

FIG. 12 illustrates a physical map of the plasmid 
pMON19640 comprising an HSP70 intron and an 
EPSPS:215 coding sequence. 

FIG. 13 illustrates a physical map of the plasmid 
pMON19484 comprising an HSP70 intron and a B.tt cod- 
ing sequence. 

FIG. 14 illustrates a physical map of the plasmid 
pMON19486 comprising an HSP70 intron and a B.t.k.-F2 15 
Cryll coding sequence. 

FIG. 15 illustrates a physical map of the plasmid 
pMON18131 comprising an HSP70 intron and an ACC- 
deaminase coding sequence. 

FIG. 16 illustrates a physical map of the plasmid 20 
pMON18103 comprising a truncated HSP70 intron and a 
glgC16 coding sequence. 

FIG. 17 illustrates a physical map of the plasmid 
pMON18104 comprising an HSP70 intron and a GOX 
coding sequence. 

FIG. 18 illustrates a physical map of the plasmid 
pMON19643 comprising the HSP70 intron and the LUX 
coding sequence. 

FIG. 19 illustrates a physical map of the plasmid EC9 
comprising the ADHl intron. 

FIG. 20 illustrates a physical map of the plasmid 
pMON10920 comprising a B.t.k. coding sequence — HD73 
full length. 

FIG. 21 illustrates a physical map of the plasmid 35 
pMON19632 comprising a ADHl intron and a GOX coding 
sequence. 

FIG. 22 illustrates a physical map of the plasmid 
pMON8631 comprising a maize EPSPS coding sequence. 

FIG. 23 illustrates a physical map of the cassette plasmid 40 
pMON19467 comprising an HSP70 intron. 

FIG. 24 illustrates a physical map of the plasmid 
pMON19477 comprising a BAR coding sequence. 

FIG. 25 illustrates a physical map of the plasmid 
pMON19493 comprising a B.t.k. coding sequence — HDl/ 
HD73 hybrid. 

FIG. 26 illustrates a physical map of the plasmid 
pMON19648 comprising a GUS coding sequence. 

FIG. 27 illustrates a physical map of the plasmid 5Q 
pMON19653 comprising a CP4 coding sequence. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The intron of the chimeric gene of this invention was 55 
derived using the polymerase chain reaction (PGR) from the 
70 Kd maize heat shock protein (HSP70) in pMON9502 
described by Rochester et al. (1986) Embo. J., 5:451-458. 
The intron sequence disclosed herein (SEQ ID N0:1) con- 
tains 773 base pair HSP70 intron with 10 base pairs of 60 
flanking 5' exon sequence and 11 base pairs of flanking 3' 
exon sequence. The primers used to isolate the intron are 
designed such that the PGR product contains a 6 base pair 
Bglll site at the 5' end and a 6 base pair Ncol site at the 3' 
end. 65 

Chimeric genes are constructed by inserting the intron 
into Bglll and Ncol sites in the 5' non-translated leader of an 
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expression vector comprising a plant promoter, a scorable 
marker coding sequence, and a polyadenylated coding 
sequence. The expression vectors are constructed with the 
appropriate restriction sites which permit the insertion of a 
structural DNA sequence encoding the desired protein. Con- 
ventional cloning and screening procedures are used 
throughout unless otherwise noted. 

A gene of this invention containing the HSP70 intron can 
be inserted into a suitable plant transformation vector for 
transformation into the desired plant species. Suitable plant 
transformation vectors include those derived from a Ti 
plasmid oi Agrobacterium tumefaciens. A plant transforma- 
tion vector preferably includes all of the necessary elements 
needed for transformation of plants or plant cells. Typical 
plant transformation vectors comprise selectable marker 
genes, one or both of the T-DNA borders, cloning sites, 
appropriate bacterial genes to facilitate identification of 
transconjugates, broad host-range replication and mobiliza- 
tion functions and other elements as desired. 

Transformation of plant cells may be effected by delivery 
of a transformation vector or of free DNAby use of a particle 
gun which comprises directing high velocity micro- 
projectiles coated with the vector or DNA into plant tissue. 
Selection of transformed plant cells and regeneration into 
whole plants may be carried out using conventional proce- 
dures. Other transformation techniques capable of inserting 
DNA into plant cells may be used, such as electroporation or 
chemicals that increase free DNA uptake. 

The HSP70 intron cDNA sequence is inserted into a plant 
transformation vector as a gene capable of being expressed 
in a plant. For the purposes of this invention, a "gene" is 
defined as an element or combination of elements that are 
capable of being expressed in a plant, either alone or in 
combination with other elements. Such a gene generally 
comprises, in the following order, a promoter that functions 
in plant cells, a 5' non-translated leader sequence, a DNA 
sequence coding for the desired protein, and a 3' non- 
translated region that functions in plants to cause the addi- 
tion of polyadenylated ribonucleotides to the 3' end of the 
mRNA transcript. In this definition, each above described 
element is operationally coupled to the adjacent element. A 
plant gene comprising the above elements can be inserted by 
known, standard recombinant DNA methods into a plant 
transformation vector and other elements added to the vector 
when necessary. A plant transformation vector can be pre- 
pared that has all of the necessary elements for plant 
expression except that the desired DNA region encoding a 
protein or portion thereof, which DNA coding region can 
readily be added to the vector by known methods. Generally, 
an intron of this invention is inserted into the 5' non- 
translated leader sequence. 

Any promoter that is known or found to cause transcrip- 
tion of DNA in plant cells can be used in the present 
invention. The amount of enhancement of expression by use 
of the introns of this invention may vary from promoter to 
promoter as has been observed by use of other introns. See 
Callis et al., supra, and Mascanenkas et al., supra. Suitable 
promoters can be obtained from a variety of sources such as 
plants or plant DNA viruses and include, but are not nec- 
essarily limited to, promoters isolated from the caulimovirus 
group, such as the cauliflower mosaic virus 19S and 35S 
(CaMV19S and CaMV35S) transcript promoters or the 
figwort mosaic virus full-length transcript promoter 
(FMV35S). The FMV35S promoter causes a high level of 
uniform expression of a protein coding region coupled 
thereto in most plant tissues. Other useful promoters include 
the enhanced CaMV35S promoter (eCaMV35S) as 
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described by Kat et al. (1987) Science 236:1299-1302, and 
the small subunit promoter of ribulose 1,5-bisphosphate 
carboxylase oxygenase (RUBISCO). 

Examples of other suitable promoters are rice actin pro- 
moter; cyclophilin promoter; ubiquitin promoter; ADHl ^ 
promoter, Callis et al., supra.; Class I patatin promoter, 
Bevan et al. (1986) Nucleic Acids Res. 14 (11), 4675-4638; 
ADP glucose pyrophosphorylase promoter; p-conglycinin 
promoter, Tiemey et al. (1987) Planta 172: 356-363; E8 
promoter, Deikman et al. (1988) Embo J. 7 (11) 3315-3320; lo 
2AII promoter. Pear et al. (1989) Plant Mol Biol 13: 
639-651; acid chitinase promoter, Samac et al. (1990) Plant 
Physiol. 93: 907-914; 

The promoter selected should be capable of causing 
sufficient expression of the desired protein alone, but espe- 
cially when used with the HSP70 intron, to result in the 
production of an effective amount of the desired protein to 
cause the plant cells and plants regenerated therefrom to 
exhibit the properties which are phenotypically caused by 
the expressed protein. In particular, the enhanced CaMV35S '^^ 
promoter or the FMV35S promoter is useful in the present 
invention. The enhanced CaMV35S promoter causes suffi- 
cient levels of the protein mRNA sequence to be produced 
in plant cells. 

. 25 

The mRNA produced by the promoter contains a 5' 
non-translated leader sequence. This non-translated leader 
sequence can be derived from any suitable source and can be 
specifically modified to increase translation of the mRNA. 
The 5' non-translated region can be obtained from the 
promoter selected to express the gene, the native 5' leader 
sequence of the gene or coding region to be expressed, viral 
RNAs, suitable eucaryotic genes, or a synthetic gene 
sequence. The present invention is not limited to the con- 
struct presented in the following examples, wherein the 
non-translated region is derived from 45 nucleotides from 
the eCaMV35S promoter. The non-translated leader 
sequence can also be derived from an unrelated promoter or 
viral coding region as described. 

The 3' non-translated region of the chimeric plant gene 
contains a polyadenylation signal that functions in plants to 
cause the addition of polyadenylated ribonucleotides to the 
3' end of the mRNA. Examples of suitable 3' regions are the 
3' transcribed, non-translated regions containing the poly- 
adenylation signal of Agrobacterium tumor inducing (Ti) 45 
plasmid genes, such as the NOS gene, and plant genes such 
as the soybean storage protein genes and the small subunit 
promoter of the RUBISCO gene. An example of a preferred 
3' region is that from the nopaline synthase gene as described 
in the examples below. 5q 

In order to determine that the isolated HSP70 intron 
sequence included the desired intron region and to demon- 
strate the effectiveness and utility of the isolated HSP70 
intron, reporter genes were inserted into plant cassette 
vectors. The reporter genes chosen were the E. coli 55 
p -glucuronidase (GUS) coding sequence and the luciferase 
(LUX) coding sequence. 

The chimeric gene of this invention may contain any 
structural gene encoding a protein to be expressed in plants. 
An example of a suitable protein for use in this invention is 60 
EPSP synthase (5-enolpyruvyl-3-phosphoshikimate syn- 
thase; EC:25.1.19) which is an enzyme involved in the 
shikimic acid pathway of plants. The shikimic acid pathway 
provides a precursor the the synthesis of aromatic amino 
acids essential to the plant. Specifically, EPSP synthase 65 
catalyzes the conversion of phosphoenol pyruvate and 
3-phosphoshikimic acid to 5 - enolpyruvyl-3- 



phosphoshikimate acid. A herbicide containing 
N-phosphonomethylglycine inhibits the EPSP synthase 
enzyme and thereby inhibits the shikimic acid pathway of 
the plant. The term "glyphosate" is usually used to refer to 
the N-phosphonomethylglycine herbicide in its acidic or 
anionic forms. Novel EPSP synthase enzymes have been 
discovered that exhibit an increased tolerance to glyphosate 
containing herbicides. In particular, an EPSP synthase 
enzyme having a single glycine to alanine substitution in the 
highly conserved region having the sequence: -L-G-N-A- 
G-T-A- located between positions 80 and 120 in the mature 
wild-type EPSP synthase amino acid sequence has been 
shown to exhibit an increased tolerance to glyphosate and is 
described in the commonly assigned U.S. Pat. No. 4,971,908 
entitled " Glyphosate -Tolerant 5-Enolpyruvyl-3- 
Phosphoshikimate Synthase," the teachings of which are 
hereby incorporated by reference hereto. Methods for trans- 
forming plants to exhibit glyphosate tolerance are discussed 
in the commonly assigned U.S. Pat. No. 4,940,835 entitled 
"Glyphosate-Resistant Plants," the disclosure of which is 
specifically incorporated herein by reference. A glyphosate- 
tolerant EPSP synthase plant gene encodes a polypeptide 
which contains a chloroplast transit peptide (CTP) which 
enables the EPSP synthase polypeptide (or an active portion 
thereto) to be transported into a chloroplast inside the plant 
cell. The EPSP synthase gene is transcribed into mRNA in 
the nucleus and the mRNA is translated into a precursor 
polypeptide (CTP/mature EPSP synthase) in the cytoplasm. 
The precursor polypeptide is transported into the chloro- 
plast. 

Another example of a suitable protein for use in this 
invention is glyphosate oxidoreductase (GOX) enzyme 
which is an enzyme which converts glyphosate to 
aminomethyl-phosphorate and glyoxylate. By expressing 
the GOX enzyme in plants results in plants tolerant to 
glyphosate herbicide. The amino acid sequence of the GOX 
enzyme and modified genes encoding the GOX enzyme 
adapted for enhanced expression in plants are described in 
the commonly assigned patent application entitled "Glypho- 
sate Tolerant Plants" having U.S. Ser. No. 07/717,370 filed 
Jun. 24, 1991, the teachings of which are hereby incorpo- 
rated herein by reference. 

Other examples of suitable proteins for use in this inven- 
tion are Bacillus thuringiensis (B.t.) crystal toxin proteins 
which when expressed in plants protect the plants from 
insect infestation because the insect, upon eating the plant 
containing the B.t. toxin protein either dies or stops feeding. 
B.t. toxin proteins toxic to either Lepidopteran or 
Coleopteran insects may be used. Examples of particularly 
suitable DNA sequences encoding B.t. toxin protein are 
described in the commonly assigned patent application 
entitled "Synthetic Plant Genes and Method for 
Preparation," EP patent application 385,962 published Sep. 
5, 1990, the teachings of which are hereby incorporated 
herein by reference. 

Another example of an enzyme suitable for use in this 
invention is aminocyclopropane-l-carboxylic acid (ACC) 
oxidase which when expressed in plants delays fruit ripening 
by reducing the ethylene level in plant tissues. 

Other examples of enzymes suitable for use in this 
invention are acetolactate synthase, RNase to impart male 
sterility, Mariani et al. (1990) Nature 347: 737-741, and 
wheat germ agglutenin. 

Another example of an enzyme suitable for use in this 
invention is ADP glucose pyrophosphorylase which when 
expressed in plants enhances the starch content. 
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All oligonucleotides are synthesized by the method of not depend on a particular genotype, inbred, hybrid or 

Adams et al. (1983) /. Amer. Chem. Soc. 105, 661. The species of the monocot desired to be transformed. It is to be 

nucleotide bases adenine, thymine, uracil, cytosine and understood, however, that the efficiency of the process will 

guanine are represented by the letters A, T, U, C and G, probably vary depending on the culturability and transform- 
respectively. 5 ability of the particular plant line being used. In the present 

This invention is suitable for any member of the mono- invention, a preferred maize embryogenic callus may be 

cotyledonous (monocot) plant family including, but not obtained from an A188xB73 F, genotype hybrid line, or a 

limited to, maize, rice, barley, oats, wheat, sorghum, rye, derivative of this line, or an "Hi-IF' genotype. Any genotype 

sugarcane, pineapple, yams, onion, banana, coconut, dates that can give rise to a friable Type II callus material is 
and hops. The present invention has particular applicability lo suitable and will be useful in the method of the present 

to the production of transgenic maize plants. invention. The embryogenic callus may be initiated and 

Any method suitable for transforming plant cells and maintained in any suitable tissue culture media that will 

regenerating transgenic plants may be used in the practice of P^«^,«|^ ^he growth of callus of the desired phenotype. 

this invention. Illustrative examples of methods suitable for ^^^^^^^^ ^^^^^^^ ^^^^^ known to those skilled m 

regenerating transgenic plants are: corn (Frommetal., 1990, J^^^ c^^ P^^^ genetic engineering. Hie A188xB73 F, 

Bio/Technology 8:833-839; and Gordon-Kamm et al., 1990, ^^^^^^ .^^^^ ^""^ H^"" ^^^^ ^^^^ ^^f ^ successfu ly imtiated. 

The Plant Cell 2:603-618); rice (Wang et al., 1988, Plant mamtained and regenerated in the tissue culture media 

MoL Biol 11:433-439) and wheat (Vasil et al., 1991, Bio/ described in Table 1. 

Technology 8:743-747). TABLE 1 

The production of fertile transgenic monocotyledonous 

plants involves several steps that together form the process. 1-100-25 (1 L) 

Generally, these steps comprise 1) culturing the desired 4.0 grams/L Chu (Ng) Basal Salts (Sigma C-1416) 

monocot tissue to be transformed to obtain suitable starting i.o ml/L Eriksson's Vitamin Mix (lOOOxstock made from 

material; 2) developing suitable DNA vectors and genes to Sigma E-1511 Powder) 

be transferred into the monocot tissue; 3) inserting the ^ 25 ml/L 0 4 mg/ml thiamine HCl 

desired DNA into the target tissue by a suitable method; 4) Sucrose 

plant cells; 5) regenerating transgenic cells into fertile ^ ucrose 

transgenic plants and producing progeny; and 6) analyzing 1 ml/L 2, 4 D (1 MG/ML) (2, 4 D=2, 4, dichlorophe- 

the transgenic plants and their progeny for the presence of noxyacetic acid) 

the inserted heterologous DNA or foreign gene. 2.88 g/L L-proline 

A preferred method of the present invention utilizes 0.1 g/L Vitamin Free Casamino Acids (from Difco; Bacto 

embryogenic callus which is suitable for transformation and Vitamin Assay Casamino Acids, Catalog#0288-01-2). 

regeneration as the starting plant material. Embryogenic Adjust pH to 5.8, and add 2 g/L Gelrite or Phytagel, 
callus is defined as callus which is capable of being trans- 35 autoclave for 30 minutes, and pour into 25x100 mm petri 

formed and subsequently being regenerated into mature, dishes in sterile hood. 

fertile transgenic plants. The embryogenic callus preferably ^_q_2s same as N6 1-100-25 except that no Casamino 

has a friable Type II callus phenotype that performs well in Acids are used 

tissue culture. Embryogenic callus may be obtained using ^.j^ ^ ^nn xt.: ^ ^nn u * *u * ^ 

, , , ^ ^ , . ^ , , ^ ^ N6 2-100-25 same as N6 1-100-25 above, except that 2 
standard procedures known to those in the art (Armstrong, 40 i/t 9 4 n /'i 1 W ' A 

1991, Maize Genetic Newsletter 65:92-93). Smi3b\Qm2iizQ mi/L z,4 u ^ mg/mij) is usea. 

embryogenic callus material may be obtained by isolating ^6 2-0-0 same as N6 1-100-25 above, except 2 ml/L 2,4 

immature embryos from the maize plant 10 to 12 days after ^ "^^l"^^^ ^« ^^^^^^ Free Casammo Acids and no 

pollination. The immature embryos are then placed on solid "P^*^ 

culturing media to initiate callus growth. The immature 45 N6 6% 0 D same as N6 2-0-0 above, except 60 g/L 

embryos begin to proliferate as Type II callus after about one sucrose 0 ml/L 2,4 D, and 0 L-proline is used, 

week and are thereafter suitable for use in the method of the MS 0.1 D 4.3 g/L MS salts (Sigma), 20 g/L sucrose, 100 

present invention. Embryogenic callus suitable for use in the mg/L myo-inositol, 1.3 mg/L nicotinic acid, 0.25 mg/L each 

method of the present invention may be obtained from the of thiamine-HCL, pyridoxine and calcium pantothenate, 0.1 
initial callus formation on the immature embryos or may be 50 ml/L of 2, 4 D (1 mg/ml), 10-7M Abscisic Acid (ABA), 

from older established callus cultures up to 2 years in age. MS 0 D same as MS 0.1 D above, except no 2, 4 D and 

It is preferred, however, that younger callus cultures be used no ABA. 

to enhance the recovery of fertile transgenic plants. Embryo- Once the desired embryogenic callus culture has been 
genie callus that is between one week and six months of age obtained, transformation of the tissue is possible. A foreign 
is preferred and embryogenic callus between one week and 55 gene or genes of interest may be transferred to the embryo- 
four weeks of age is most preferred. The embryogenic callus genie callus. Generally, the DNA inserted into the embryo- 
of the present invention is considered "primary" callus in genie callus is referred to as heterologous DNA. The heter- 
that it has never been processed through or maintained as a ologous DNA may contain one or more foreign genes which 
suspension culture. Asuspension culture is defined as callus may or may not be normally present in the particular 
that has been broken up and placed in a Hquid solution for monocotyledonous plant being transformed. A foreign gene 
a period of 1 to 9 months to estabhsh a growing suspension is typically a chimeric or recombinant gene construct com- 
culture. The embryogenic callus suitable for use in the prising a sequence of DNA which may or may not be 
present invention has never been through a suspension normally present in the genome of the particular monocot 
culture process or ever maintained as a suspension culture. being transformed. The heterologous DNA generally con- 
The preferred method of the present invention is appli- 65 tains a foreign gene which comprises the necessary elements 
cable to any monocot embryogenic callus that is capable of for expression of a desired polypeptide in the particular 
regenerating into mature fertile transgenic plants and does plant. Heterologous DNA suitable for transformation into a 
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monocotyledonous plant typically contains foreign genes 
coding for a polypeptide which confers a desired trait or 
characteristic to the plant being transformed and screenable 
and selectable markers for determining whether the plant 
material has been transformed. A typical foreign gene 5 
capable of being expressed in a monocot contains a pro- 
moter which is capable of functioning in the monocot plant, 
an intron, a structural DNA coding sequence encoding a 
desired polypeptide and a polyadenylation site region rec- 
ognized in monocotyledonous plants. A transgene is a gene 
or DNA sequence that has been transferred into a plant or 
plant cell. The details of construction of heterologous DNA 
vectors and/or foreign genes suitable for expression in 
monocots is known to those skilled in the art of plant genetic 
engineering. The heterologous DNA to be transferred to the 
monocot embryogenic callus may be contained on a single 
plasmid vector or may be on different plasmids. 

The heterologous DNA to be used in transforming the 
embryogenic callus in the method of the present invention 
preferably includes a selectable marker gene which allows 20 
transformed cells to grow in the presence of a metabolic 
inhibitor that slows the growth of non-transformed cells. 
This growth advantage of the transgenic cells allows them to 
be distinguished, over time, from the slower growing or 
non-growing cells. Alternatively, or in conjunction with a 25 
selectable marker, a visual screenable marker such as the E. 
coli p -glucuronidase gene or firefly lucif erase gene (deWet 
et al., 1987, Mol Cell Biol 7:725-737) also facilitates the 
recovery of transgenic cells. 

Preferred selectable marker genes for use in the method of 30 
the present invention include a mutant acetolactate synthase 
gene or cDNA which confers tolerance to sulfonylurea 
herbicides such as chlorsulfuron, the NPTII gene for resis- 
tance to the antibiotic kanamycin or G418 or a bar gene for 
resistance to phosphinothricin or bialaphos. 35 

The foreign gene selected for insertion into the monocot 
embryogenic callus can be any foreign gene which would be 
useful if expressed in a monocot. Particularly useful foreign 
genes to be expressed in monocots include genes which 
confer tolerance to herbicides, tolerance to insects, tolerance 40 
to viruses, and genes which provide improved or new 
characteristics which effect the nutritional value or process- 
ing capabilities or qualities of the plant. Examples of suit- 
able agronomically useful genes include the insecticidal 
gene from Bacillus thuringiensis for conferring insect resis- 45 
tance and the 5'-enolpyruvyl-3'-phosphoshikimate synthase 
(EPSPS) gene and any variant thereof for conferring toler- 
ance to glyphosate herbicides. As is readily understood by 
those skilled in the art, many other agronomically important 
genes conferring desirable traits can be introduced into the 50 
embryogenic callus in conjunction with the method of the 
present invention. One practical benefit of the technology of 
the present invention is the production of transgenic mono- 
cotyledonous plants that have improved agronomic traits. 

Once the transformation vectors containing the desired 55 
heterologous DNA have been prepared, the DNA may be 
transferred to the monocot embryogenic callus through use 
of the microprojectile bombardment process which is also 
referred to as particle gun technology or the Biolistics 
process. The heterologous DNA to be transferred is initially 60 
coated onto a suitable microprojectile by any of several 
methods known to those skilled in the plant genetic engi- 
neering art. The microprojectiles are accelerated into the 
target embryogenic callus by a microprojectile gun device. 
The design of the accelerating device or gun is not critical 65 
so long as it can perform the acceleration function. The 
accelerated microprojectiles impact upon the prepared 
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embryogenic callus to perform the gene transfer. When the 
microprojectile bombardment process is utilized, the DNA 
vector used to transfer the desired genes to the embryogenic 
callus is typically prepared as a plasmid vector and is coated 
onto tungsten or gold microprojectiles. 

While any particle gun device may be used, the Biolistics 
PDS 1000 microprojectile gun device was used in the 
present invention. This device had a stopping plate configu- 
ration similar to commercially available stopping plates 
except that the lexan disk is Ys" thick with a Vsi^^ diameter 
hole through the disk center. The hole is enlarged at the 
upper surface to Yie" and this tapers in a countersunk 
arrangement to a depth of Mt" at which point it narrows to the 
3/^2" diameter hole which does not have a taper for the 
remaining Vis" thickness. The embryogenic target tissue is 
set at level 4 of this device which is one level from the 
bottom. The callus tissue sample was subjected to 1-3 shots. 
A shielding metal screen with 100/i openings is typically 
used on the shelf position immediately below the stopping 
plate. The process is performed under a suitable vacuum. 

After the embryogenic calli have been bombarded with 
the desired heterologous DNA vector, the bombarded cells 
are grown for several days in non-selective culturing media 
and then placed on a selective media which inhibits the 
growth of the non-transformed cells, but allows transgenic 
cells to continue to grow. In about 8 weeks, the continued 
growth of the transgenic callus cells is apparent as a large 
growing calli and can be recovered and individually propa- 
gated. The transgenic embryogenic callus may then be 
regenerated into whole, mature transgenic plants pursuant to 
protocols for regenerating non-transformed embryogenic 
callus. Generally, when regenerated plants reach the three- 
leaf stage and have a well developed root system, they can 
be transferred to soil and hardened off in a growth chamber 
for two weeks before transfer to a greenhouse. The trans- 
formed embryogenic callus of the present invention respond 
well to regeneration procedures which work for non- 
transgenic callus. 

Regenerated plants may subsequently be moved to a 
greenhouse and treated as normal plants for pollination and 
seed set. The confirmation of the transgenic nature of the 
callus and regenerated plants may be performed by PGR 
analysis, antibiotic or herbicide resistance, enzymatic analy- 
sis and/or Southern blots to verify transformation. Progeny 
of the regenerated plants may be obtained and analyzed to 
verify the hereditability of the transgenes. This illustrates the 
stable transformation and inheritance of the transgenes in the 
R-L plant. 

The following examples are provided to illustrate the 
method of the present invention and should not be inter- 
preted in any way to limit the scope of the invention. Those 
skilled in the art will recognize that various modifications 
can be made to the methods described herein while not 
departing from the spirit and scope of the present invention. 

DESGRIPTION OF PREFERRED 
EMBODIMENTS 

Example 1 

Synthesis of HSP70 Intron by Polymerase Ghain Reaction 
The HSP70 intron was synthesized using the polymerase 
chain reaction from a genomic clone containing a maize 
HSP70 gene (pMON9502: Rochester et al., 1986, Embo J., 
5:451-458). 

Two different oligonucleotide primers were used in the 
PGR reaction. The first primer consists of nucleotides 1-26 
of SEQ ID N0:1 and contains a Bglll site for cloning, ten 
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nucleotides of flanking HSP70 exon 1 sequence, and ten 
bases of the intron sequence. The second primer is the 
reverse complement of bases 791 through 816 of SEQ ID 
N0:1 and contains 10 bp of intron sequence, 11 nucleotides 
of flanking 3' HSP70 exon sequence, and an Ncol site for 5 
cloning. 

The "HSP70 intron," bases 7-812, contains the entire 
intron from a maize HSP70 gene (bases 17-799) plus 10 
nucleotides from HSP70 exon 1 (bases 7-16) and 11 bases 
from HSP70 exon 2 (bases 800-812). Bases 1-6 and 
813-816 include restriction sites used in cloning. Base 802 
was a G in the native HSP70 exon, but has been replaced by 
an A for maximum enhancement of gene expression. 

PGR was carried out in 100 ul reactions which contained 
10 ng pMON9502 DNA, 40 pmole each of SEQ7 and 
SEQ20, 10 mM Tris-HGL (pH8.3), 50 mM KGl, 1.5 mM 
MgG12, 0.01%(w/v) gelatin, 20 nmole of each dNTP, and 2.5 
units Amplitaq DNA Polymerase (Perkin Elmer Getus). 
Twenty eight cycles were run (denaturation 1 minute at 94° 
G., annealed 2 minutes at 50° G., and elongated 3 minutes at 
72° G. per cycle). 

The PGR reaction products were were purified by phe- 
nohchloroform (1:1) extraction, followed by digestion with 
Bglll and Ncol. The 0.8 kb HSP70 intron fragment was 
isolated by gel electrophoresis followed by purification over 
an Elutip-D column (Schlesser & Schuell). The HSP70 
intron sequences were verified by the Sanger dideoxy DNA 
sequencing method. The sequence of the HSP70 intron is 
designated SEQ ID N0:1 and is shown in FIG. 1. The 0.8 kb 
HSP70 intron fragment was then cloned into the Bglll and 
Ncol sites within the 5' untranslated leader region of 
pMON8677 to form pMON19433 as described below. 

Example 2 

Effect of HSP70 Intron on Gorn Gene Expression in Tran- 
sient Assays 35 
A. Preparation of pMON8677, pMON8678, pMON19433, 
pMON19425, pMON19400, and pMON19437 

pMON8677 (FIG. 4) was constructed using well charac- 
terized genetic elements. The 0.65 kb cauliflower mosaic 
virus (GaMV) 35S RNA promoter (e35S) containing a 40 
duplication of the -90 to -300 region (Kay et al., 1987, 
Science 236:1299-1302), the 1.9 kb coding sequences from 
the E. coli p -glucuronidase (GUS) gene (Jefferson et al., 
1986, PNAS 83:8447-8451) and a 0.25 kb fragment con- 
taining the 3' polyadenylation sequences from the nopaline 45 
synthase (NOS) gene (Fraley et al., 1983, Proc. Natl Acad. 
ScL 80:4803-4807) were each inserted into pUG119 
(Yanisch-Perron et al., 1985, Gene 33:103-119) to form the 
plant gene expression vector pMON8677. 

pMON8678 (FIG. 5) was formed by inserting a 0.6 kb 50 
fragment containing the first intron from the ADHl gene of 
maize (Gallis et al., 1987, Genes andDev. 1:1183-1200) into 
pMON8677 as described in Vasil et al. (1991) Bio/ 
Technology 9:743-747. The monocot expression region in 
pMON8678 is identical to pMON8677 except that it con- 55 
tains the ADHl intron fragment in the 5' untranslated leader. 

pMON19433 (FIG. 9) was constructed by cloning the 
Bglll-Ncol digested PGR fragment containing the maize 
HSP70 intron sequences into the Ncol-Bglll sites in 
pMON8677 to produce a monocot expression vector equiva- 60 
lent to pMON8677 except that it contains the maize HSP70 
intron fragment in the 5' untranslated leader. 

pMON19425 (FIG. 6) was constructed by inserting the 
0.65 kb cauliflower mosaic virus (GaMV) 35S RNA pro- 
moter (e35S) containing a duplication of the -90 to -300 65 
region, the 1.8 kb fragment of the firefly lucif erase (LUX) 
gene (Ow et al., 1986, Science 234:856-859; DeWet et al.. 
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1987, Mo/. Cell Biol 7:725-737), and the 0.25 kb fragment 
containing the NOS polyadenylation sequences into 
pUG119 (Yanisch-Perron et al., 1985, supra). 

pMON19400 (FIG. 18) was formed by replacing the GUS 
coding sequence in pMON8678 with the 1.8 kb fragment of 
the LUX gene. The monocot expression region in 
pMON19400 is identical to pMON19425 except that it 
contains the ADHl intron fragment in the 5' untranslated 
leader. 

pMON19437 (FIG. 10) was constructed by cloning 
HSP70 intron sequence from pMON19433 as a 0.8 bp 
Ncol -Bglll fragment into the Ncol-Bglll sites in 
pMON19425 to produce a monocot expression vector 
equivalent to pMON19425 except that it contains the maize 
HSP70 intron fragment in the 5' untranslated leader. 
B. Analysis of Gene Expression Using Transient Assays 

Two transient gene expression systems were used to 
evaluate expression from the HSP70 intron and ADHl 
intron vectors in corn cells. Two corn cell lines were 
transformed shooting corn cells or tissues by high velocity 
projectiles coated with the indicated plasmid DNA. One cell 
line was Black Mexican Sweet (BMS) corn, a nonregener- 
able corn callus suspension cells. The other cell line was 
BG17 corn used as tissue from corn leaves obtained from 4 
week old plants from the innermost leaves at the nodes 
around the tassel primordia. 

Plasmid DNAs were prepared by using standard alkaline 
lysis followed by GsGl gradient purification (Maniatis et al., 
1982, Molecular Cloning: A Laboratory Manual, GSH 
Labs). Plasmid DNA was precipitated onto tungsten MIO 
particles by adding 25 ul of particles (25 mg/ml in 50% 
glycerol), 3 ul experimental plasmid DNA (1 ug/ul), 2 uL 
internal control plasmid DNA (1 ug/ul), 25 uL IM calcium 
chloride, and 10 uL O.IM spermidine, and vortexing briefly. 
The particles were allowed to settle for 20 minutes, after 
which 25 ul of supernatant was removed and discarded. Two 
independent particle preparations were done for each vector 
evaluated. 

The particle preparations were then bombarded into the 
tissue/cells as follows. Each sample of DNA-tungsten was 
sonicated briefly and 2.5 ul was bombarded into the tissue/ 
cells contained on one plate using a PDS-1000 (DuPont) 
Biolistics particle gun. Three plates of tissue/cells were 
bombarded from each particle preparation. 

The tissue/cells were harvested after a 24-48 hours incu- 
bation (25° G., dark). The cells/tissues from the three 
bombarded plates from each particle preparation were 
combined, frozen with liquid nitrogen, and ground to a fine 
white powder with a mortar and pestle. Each sample was 
thawed on ice in 1 ml of GUS extraction buffer (GEB: O.IM 
KP04 pH7.8, 1 mM EDTA, 10 mM DTT, 0.8 mM PMSF, 
and 5% glycerol). The samples were then vortexed and 
centrifuged at 8K for 15 minutes at 5° G., and the superna- 
tant was transferred to a fresh tube. When enzyme assays 
were not performed immediately, the samples were frozen 
on dry ice and stored at -80° G. 

Transient p -glucuronidase gene expression was quanti- 
tated using a fluorometric assay (Jefferson et al., 1987, 
Embo. J. 6:3901-3907). Fifty ul crude extract was assayed 
in one ml GEB containing 2 mM 4-methyl umbelliferyl 
glucuronide. At 0, 10, 20, and 30 minute timepoints, 100 ul 
aliquots were removed and the reaction terminated by addi- 
tion to 2 ml 0.2M Na2G03. Fluorescence from each sample 
was then determined using a Hoescht DNA Fluorometer 
(model TKO 100). GUS activity is expressed as the slope of 
fluorescence versus reaction time. 

Quantitative luciferase assays were performed as follows. 
50 ul of extract was added to a cuvette containing 0.2 mis of 
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25 mM Tricine pH7.8, 15 mM MgC12, 5 mM ATP, and 0.5 
mg/ml BSA. The 0.5 mM luciferin substrate was automati- 
cally dispensed by the luminometer (Berthold Bioluminat 
LB9500C) and the peak luminescence measured during a 10 
second count at 25° C. Three to ten reactions were run per 5 
sample. LUX activity is expressed as the mean light units 
per ul of extract. 

All vectors tested were co-bombarded with internal con- 
trol vectors which encoded proteins whose enzymatic activi- 
ties were distinct from those of the vectors being evaluated. 

10 

For example, in the experiments in which LUX vectors 
being evaluated, pMON8678 (GUS) was used as the internal 
control vector, and when GUS vectors being tested 
pMON19400 (LUX) was used as the internal control vector. 
To correct for any variability in the procedure the results 
were then expressed as a ratio of the experimental reporter 
gene expression to the internal control reporter gene expres- 
sion. The results are summarized in Table 2. 

As shown in Table 2A, the HSP70 intron vectors gave 
significantly increased gene expression in BMS suspension 
cells when compared to vectors containing no intron (40 fold 
increase) or the ADHl intron (4 fold increase) vectors. This 
effect was observed using either GUS or or LUX as the 
reporter gene. Table 2B shows that this effect is not limited 
to the BMS cell system. In the leaf transient gene expression 
assays, the HSP70 intron vector showed an 8.7 times GUS 
expression level over the control containing no intron, 
whereas, the ADHl intron showed only a 1.6 times GUS 
expression level over the control containing no intron. 

30 

TABLE 2 



Effects of Introns on Gene Expression 
in Transient Assays 

Intron Relative GUS (vector) Relative LUX (vector) 

A. Effect of introns on transient gene expression in BMS cells. 

no intron IX (pMON8677) IX (pMON19425) 

ADHl 4X (pMON8678) 4X (pMON19400) 

HSP70 40X (pMON19433) 40X (pMON19437) 

B. Effect of introns on transient gene expression in maize 
leaf tissue. 



no intron IX (pMON8677) 

ADHl 1.6X (pMON8678) 

HSP70 8.7X (pMON19433) 



Example 3 

Effect of HSP70 Intron on Gene Expression in Stably 

Transformed Nonregenerable Corn Cultures 

A. Production of stably transformed BMS cell lines 50 

Black Mexican Sweet corn suspension cells were trans- 
formed by particle gun bombardment essentially as 
described above. Plasmid DNA for bombardment was pre- 
pared and precipitated onto tungsten MIO particles by 
adding 12.5 ul of particles (25 mg/ml in 50% glycerol), 2.5 55 
ul plasmid DNA(1 ug/ul), 12.5 uL IM calcium chloride, and 
5 uL O.IM spermidine, and vortexing briefly. The particles 
were allowed to settle for 20 minutes, after which 12.5 ul of 
supernatant was removed and discarded. Each sample of 
DNA-tungsten was sonicated briefly and 2.5 ul was bom- 60 
barded into the embryogenic cultures using a PDS-1000 
biolisitics particle gun (DuPont). EC9 (FIG. 19), a plasmid 
containing an acetolactate synthase gene, was included for 
use in chlorsulfuron selection for transformed control cells. 
A second plasmid containing the test construct was 65 
co-precipitated with EC9. BMS cells were plated on filters 
and bombarded using a PDS-1000 (DuPont) particle gun. 
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After bombardment, the cells were transferred to MS liquid 
medium for 1 day and then plated onto solid medium 
containing 20 ppb chlorsulfuron. After approximately 4 
weeks, chlorsulfuron resistant calli were selected and grown 
up for analysis of gene expression. 
B. Effect of the HSP70 Intron on GUS Expression 

Plasmids containing the GUS gene and no intron 
(pMON8677), ADHl intron (pMON8678), or HSP70 intron 
(pMON19433) were bombarded into BMS cells and stably 
transformed lines were produced as described above. Chlor- 
sulfuron resistant lines were selected and then scored for 
GUS expression by histochemical staining (Jefferson et al., 
1987, Embo. J. 6:3901-3907). As shown in Table 3A, the 
transformations with the HSP70 intron vector showed a 
significantly higher proportion of co-expression of the unse- 
lected GUS marker than did the transformation with either 
the vector containing the ADHl intron or no intron. Since 
more chlorsulfuron resistant calli were above the threshold 
of detection histochemical GUS staining, it is likely that the 
HSP70 intron vectors express at higher levels than the 
ADHl or no intron vectors. To confirm this, GUS activity 
was quantitated in extracts from ten independent GUS 
positive transformants from each vector (for pMON8677, 
the one GUS positive callus was assayed; nine others were 
chosen randomly). The data from these assays is shown in 
Table 3B. These results indicate that the HSP70 intron 
enhances GUS expression in stably transformed cell lines to 
an even greater extent than was observed in transient gene 
expression analyses. The mean level of GUS expression 
observed with the lines containing the HSP70 intron vector 
was approximately 80 fold over that observed in lines 
containing the ADHl intron vector. The best of the ten 
HSP70 lines expresses over 100 fold more GUS than the 
best ADHl line and approximately 800 fold over the best 
line without an intron. 

TABLE 3 



Effect of Introns on GUS Expression 
in Stable Transformants 



A. GUS expressing BMS calli - number and percentage. 



Class* 


pMON8677 


pMON8678 


pMON19433 




No Intron 


ADHl intron 


HSP70 intron 




79 (99%) 


48 (67%) 


28 (47%) 


+ 


0 (0%) 


14 (19%) 


2 (3%) 


++ 


1 (1%) 


9 (13%) 


7 (12%) 


+++ 


0 (0%) 


1 (1%) 


22 (37%) 




80 


72 


59 


B. Levels of GUS expression 


in BMS calli. 




Vector 


Intron 


Range** 


Mean** 


pMON8677 


none 


0-38 


N.D. 


pMON8678 


ADHl 


28-219 


95 + 75 


pMON19433 


HSP70 


1594-29,629 


7319 ± 9016 



- no cells show expression 
+ a few cells show GUS expression 
++ some cells show GUS expression 
+++ all cells show strong GUS expression 
* * (pmol/min/mg) 

Example 4 

Effect of HSP70 Intron on 5.r.k. Expression in Stably 
Transformed BMS Cell Lines 

We have similarly examined the effect of the HSP70 
intron on expression of the commercially important 5.r.k. 
gene. Two plasmids were constructed that only differed by 
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the intron they contained: pMON10920 (e35S/ADHl/5.r.k./ 
NOS) and pMON10921 (e35S/HSP70/B.r.k./NOS). Each 
contained a 3.6 kb fully synthetic gene encoding the Bacillus 
thuringiensis kurstaki (B.t\.) insect control protein 
described by Adang et al. (1985) Gene 36: 289-300. Expres- 5 
sion of this gene in plants results in insect resistance. 
pMON10920 (FIG. 20) was constructed by inserting the 3.6 
kb NcoI/EcoRI fragment containing the B.t\. into 
pMON8678 (FIG. 5), replacing the 1.9 kb GUS fragment. 
pMON10921 (FIG. 11) was constructed similarly, except 
that the 3.6 kb NcoI/EcoRI fragment containing the 5.r.k. 
coding sequence was inserted into pMON19433 (FIG. 9). 

BMS lines were co-transformed with each of these plas- 
mids and EC9 (ALS) as described in Example 3A. Approxi- 
mately thirty independent chlorsulfuron resistant lines were 
generated in each transformation. These calli were tested for 
Tobacco Hornworm (THW) toxicity, and the insect resistant 
lines were assayed further. The amount of 5.r.k. protein in 
soluble extracts from each THW resistant callus was mea- 
sured by ELISA and expressed as a percentage of total 
protein. Of the 11 insect positive lines containing the ADHl 
intron vector (pM ON 10920), only one line contained 
enough 5.r.k. protein to be detected in the ELISA assay. The 
amount was 0.4x10"^%. Twenty of the 29 THW resistant 
Hnes containing the HSP70 intron vector (pMON10921) 
produced enough protein for detection by ELISA. The 
average amount was 5.1x10"^% with a range of 
<0.01-10.5x-^%. When the mean B.t.^i. protein levels are 
compared, the HSP70 intron vector increases expression 12 
fold over the ADHl intron vector. 

Example 5 

Effect of HSP70 Intron on GOX Expression in BMS Trans- 
formants 

pMON19632 and pMON 19643 were constructed to 
examine the effects of introns on GOX expression. Both 35 
vectors contain a gene fusion composed of the N-terminal 
0.26 Kb chloroplast transit peptide sequence derived from 
the Arabidopsis thaliana SSU la gene (SSU CTP) (Timko 
et al., 1988, The Impact of Chemistry on Biotechnology, 
ACS Books, 279-295) and the C-terminal 1.3 Kb synthetic 40 
GOX gene sequence. The GOX gene encodes the enzyme 
glyphosate oxidoreductase which catalyzes the conversion 
of glyphosate to herbicidally inactive products, aminometh- 
ylphosphonate and glyoxylate. Plant expression of the gene 
fusion produces a pre-protein which is rapidly imported into 45 
chloroplasts where the CTP is cleaved and degraded releas- 
ing the mature GOX protein (della-Cioppa et al., 1986, Proc. 
Natl Acad. ScL USA 83: 6873-6877). 

pMON19632 (FIG. 22) was constructed in the same 
manner as pMON8678 by inserting the SSU-CTP— GOX 50 
fusion as a 1.6 kb Bglll-EcoRI fragment between the ADHl 
intron and NOS polyadenylation sequences. Thus, 
pMON19632 is comprised of, from 5' to 3', the enhanced 
CaMV35S promoter, ADHl intron, SSU-CTP— GOX cod- 
ing sequence, and nopaline synthase polyadenylation region 55 
in a pUC backbone containing an p-lactamase gene for 
ampicillin selection in bacteria. 

A cassette vector pMON19470 was constructed for clon- 
ing coding sequences such as GOX adjacent to the HSP70 
intron (FIG. 7). A receptor plasmid pMON19453 was made 60 
by inserting annealed synthetic oligonucleotides containing 
the sites Kpnl/Notl/HincII/Hindlll/Bglll/Dral/Xbal/NcoI/ 
BamHI/EcoRI/EcoRV/Xmal/Notl/SacI into PBSKS+ 
(Stratagene) which had been digested with Kpnl and Sad. 
The nopaline synthase (NOS) polyadenylation region 65 
(Fraley et al., 1983, Proc. Natl. Acad. Sci. 80:4803-4807) 
was inserted by digesting pMON8678 (FIG. 5) with BamHI, 



followed filling Klenow Polymerase to create blunt ends, 
and digesting with EcoRI. The 0.25 kb NOS fragment was 
inserted into the polyHnker of pMON19453 at the EcoRV/ 
EcoRI sites to form pMON19459. pMON19457 was con- 
structed by inserting a 0.65 kb fragment containing the 
CaMV E35S promoter (Kay et al., 1987, Science 
236:1299-1302) into the Hindlll/Bglll sites in 
pMON19459. pMON19433 was linearized with Ncol, 
blunt-ended with mung bean nuclease, and Xba linkers were 
added. The HSP70 intron fragment was then removed by 
digestion with Bglll and inserted into the Xbal/Bglll sites in 
pMON19457 to form pMON19458. Synthetic linkers to 
change the order of the restriction sites were then inserted 
into pMON19458 to form pMON19467. The NotI expres- 
sion cassette was removed from pMON19467 and inserted 
into a pUC-like vector pMON10081 which contains the 
NPTII sequences from pKC7 (Rao and Rogers, 1978, Gene 
3:247) to form pMON19470 (FIG. 8). Thus, pMON19470 is 
comprised of, from 5' to 3', the enhanced CaMV35S 
promoter, HSP70 intron, polylinker for cloning coding 
sequences, and NOS polyadenylation region in a pUC-like 
backbone containing an NPTII gene for kanamycin selection 
in bacteria. 

pMON19643 (FIG. 17) was constructed by inserting the 
SSU-CTP — GOX fusion coding sequences into 
pMON19470 as a 1.6 kb Bglll/EcoRI fragment into BamHI- 
EcoRI digested pMON19470 (FIG. 8). Thus, pMON19643 
is comprised of, from 5' to 3', the enhanced CaMV35S 
promoter, HSP70 intron, SSU-CTP— GOX coding 
sequence, and nopaline synthase polyadenylation region in 
a pUC-like backbone containing an NPTII gene for kana- 
mycin selection in bacteria. 

BMS suspension cells were bombarded with 
pMON19632 or pMON19643 as described in Example 3A. 
Plasmid EC9 was included in each bombardment so that the 
transformed BMS cells could be selected on chlorsulfuron. 
The chlorsulfuron resistant calli were transferred to 5 mM 
glyphosate medium and moved to fresh 5 mM glyphosate 
medium after two weeks. After two weeks, the percentage of 
the calli that survived on the glyphosate medium were 
scored. 

The results are shown in Table 4. The ADHl intron vector 
(pMON19632) gave little or no glyphosate resistant calli. 
The HSP70 intron vector (pMON19643) showed over 40% 
of the chlorsulfuron resistant calli were also resistant to 
glyphosate. The levels of GOX protein accumulation in the 
chlorsulfuron resistant lines were measured by Western blot 
analysis. As shown in Table 3, the HSP70 intron vector gave 
demonstrably higher levels of GOX expression than the 
ADHl intron vector. 

TABLE 4 

Effect of Introns on GOX Gene Expression 
in BMS Transformants 



% glp resistant % GOX protein 



pMON19632 ADHl 
pMON19643 HSP70 



2% 
42% 



(0.02-0.04%) 
(0.05-0.5%) 



Example 6 

Effect of HSP70 Intron on EPSP Synthase and Glyphosate 
Selection 

Two vectors, pMON8631 and pMON19640, were con- 
tructed to compare the effects of the ADHl and HSP70 
intron on the expression of the 5-enolpyruvylshikimate-3- 
phosphate synthase (EPSPS) gene. pMON8631 (FIG. 23) 
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was constructed similarly to pMON8678 (FIG. 5), except calli (28%) caused stunting, 6 calli (15%) caused small 

that a 1.75 kb fragment containing the maize EPSPS coding amounts of stunting, and 15 calH (38%) had no effect on the 

sequence with two mutations that confer tolerance the the CPB insects 
herbicide glyphosate (Glyl01>Ala and Glyl63>Asp of 

mature peptide) was inserted between the ADHl intron and 5 The calh that showed the greatest msecticidal/stunting 

the NOS polyadenylation sequences. Thus, pMON8631 is effects were analyzed further by Western blot analysis. BMS 

comprised of, from 5' to 3', the enhanced CaMV35S calli were dried on a Whatman filter and then extracted 

promoter, ADHl intron, EPSPS coding sequence, and nopa- directly in SDS-PAGE buffer (Laemmli, 1970, Nature 227: 

Hne synthase polyadenlyation region in a pUC backbone 680-685). Levels of total protein were determined (Biorad) 

containing a 13-lactamase gene for ampicillin selection in j m * • 1 j j ot^o tia^t- 1 

. ^ & F 40-50 ug protein loaded on a 12% SDS-PAGE gel. E. 

bacteria. ...it. • 1111 

To form pMON19640 (FIG. 12), the 1.75 kb Xbal-EcoRI coh-pvodnccd Bxt protem was also loaded as quantitation 

fragment from pMON8631 was inserted into the corre- standards. After gel electrophoresis, proteins were electro- 

sponding restriction sites in pMON19470 (FIG. 8). Thus, phoretically transferred from the gel to membranes (Towbm 

pMON19640 is comprised of, from 5' to 3', the enhanced et al., 1979, PNAS 76:4350-4354). The membranes were 

CaMV35S promoter, HSP70 intron, EPSPS coding then incubated with an anti-5.r.t. antibody, followed by 

sequence, and nopahne synthase polyadenylation region in detection using a chemiluminescent (Amersham) detection 

a pUC-like backbone containing an NPTII gene for kana- system. 

mycin selection in bacteria. , , , Seven lines were examined. One line showed high levels 

Stably transformed EMS lines were produced by direct r ^ • • /c\(\r^fyf ^ ^ \ ^ - \ c i- 
. . ^ . , . . ^ 20 ot protein expression (0.02% total protein), tour lines 

selection on glyphosate containing medium. Cells were i j j^n.^ ^-1 1 /-./-./^\ j ^ 

1 111 VI A^^xTo^-.^ A*^xT^^^^^ • showed moderate B.t.t protein levels (0.001%), and two 

bombarded with either pMON8631 or pMON19640 as in , 1 ^. ^ /' . , 

J • 1 o A A j:* u u J * *u 11 lines did not produce enough B.t.t. protein tor detection by 

described in Example 3A. Alter bombardment, the cells wj & r ^ 

were resuspended in MS medium without selection for one ^ ' 

day. Glyphosate was then added to the liquid medium to a pMON19486 (FIG. 14) contains a synthetic gene encod- 

final concentration of 5 mM, and the cultures incubated for ing the Bacillus thuringensis kurstaki CryllA gene. The 

four days. Five days post-bombardment, the cells were amino acid sequence of this gene (1.9 kb) is identical to the 

embedded in agarose containing 5 mM glyphosate. Approxi- gene referred to as the CryBl in Widner et al. (1989)/. 

mately 6 weeks after embedding, the number of glyphosate Bacteriol. 171:965-974. It has insecticidal activity against 

resistant calH were scored. pMON8631 (ADHl intron) pro- both lepidopteran and dipteran insects. pMON19486 was 

duced 59 glyphosate resistant calH, while pMON19640 constructed by inserting the 1.9 kb Cryll A coding sequence 

(HSP70 intron) produced 117 glyphosate resistant calli, a on a Bglll fragment into the BamHI site in pMON19470 

two fold increase. Although the levels of EPSPS expression (pj^ j^us, pMON19486 is comprised of, from 5' to 3', 

in these calli was not quantitated, it is likely that the HSP70 ^he enhanced CaMV35S promoter, HSP70 intron, CryllA 
intron vector expresses more EPSPS which m turn results m 3^ ^^^^^^ sequence, and nopaline synthase polyadenylation 

more transformation events that produce enough EPSPS to region in a pUC-like backbone containing an NPTII gene for 

overcome the toxic eftects ot the glyphosate in the medium, . . 1 ^- • u ^ • 

. . . 1 . 1 p r p 1 1 kanamycin selection in bacteria, 
thus giving a higher frequency ot recovery ot glyphosate 

resistant calli Stably transformed EMS calli were produced using par- 
ticle gun bombardment to introduce pMON19486 as 
Example 7 40 described in Example 3A. pMON19484 was bombarded in 

Expression of Other Codmg Sequences Usmg HSP70 Intron combination with EC9 (FIG. 19) into BMS cells. Resistant 

Vectors Encoding Insecticidal Proteins ^ ^ a u ui t-u • * * 

..,^^T^^.^. . . 1 . calli were selected on 20 ppb chlorsulturon. Ihe resistant 

pMON19484 (FIG. 13) containing a synthetic gene ... j r • r.i ^ tta 

^1. ,1 Ti .77 / . . ° 1 • • /T? . \ calli were then assayed tor expression ot the CryllA gene, 

encoding the Bacillus thuringensis var. tenebrioms {B.t.t.) j r jo 

insecticidal protein (McPherson et al., 1988, Bio/Technology 45 Expression of the B.t.k. CryllA protein in the chlorsulfu- 

6: 61-66) was constructed by inserting the 1.8kb5.r.t. gene resistant calH bombarded with pMON19486 was ini- 

on a Bglll fragment into the BamHI site in pMON19470 tially detected by insecticidal activity in a feeding assay with 

(FIG. 8). Thus, pMON19484 is comprised of, from 5' to 3', the sensitive Tobacco Hornworm (THW). CalH with CryllA 

the enhanced CaMV35S promoter, HSP70 intron, B.t.t. expression high enough to kill the THW insects were bulked 
coding sequence, and nopaline synthase polyadenylation 50 up and assayed in European Corn Borer (ECB) and Fall 

region in a pUC-like backbone containing an NPTII gene for Army Worm (FAW) insect feeding assays. Sixteen ECB or 

kanamycin selection in bacteria. 12 FW insects were pre-weighed and then reared on the 

Stably transformed BMS calli were produced using par- BMS calH for 7 days. The number of survivors were scored 

tide gun bombardment to introduce pMON19484 as to determine the degree of mortality. The amount of stunting 
described in Example 3A. pMON19484 was bombarded in 55 ^as measured by determining the average weight gain of the 

combination with EC9 (FIG. 19) into BMS cells. Resistant surviving insects relative to controls. The data are shown in 

calli were selected on 20 ppb chlorsulfuron. The resistant Table 5 

calli were then assayed for expression of the B.t.t. gene. ...... .... . . . . p 

Chlorsulfuron resistant calli bombarded with Calh with insecticidal activity were also assayed for 
PMON19484 were screened for expression of the B.t.t. 60 accumulationof the CryllA protem by Western blot analysis 

protein utilizing a Colorado Potato Beetle (CPB) feeding described above. The amount of CryllA protem was 

assay. CPB larvae were applied to BMS callus which had quantitated relative to E. coli produced standards on the 

been blotted shghtly to remove excess moisture. Five larvae same blot. As shown in Table 5, six of the seven insecticidal 

were allowed to feed on callus representing each chlorsul- lines demontrated sufficient expression of the CryllA protein 
furon resistant line. The level of insect mortality and/or 65 to detect by the less sensitive Western blot. The CryllA 

stunting was assessed five days later. Forty calh were expression ranged from 0.004 to 0.15%, with an average of 

assayed. Eight calli (20%) showed insecticidal activity, 11 0.007%, of total cellular protein. 
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TABLE 5 



Expression of CryllA in Stable 
BMS Transformants 



mean weight gain 
# survivors/initial per surviving insect (mg) CryllA 



Line 


ECB 


FAW 


ECB 


FAW 


protein (%) 


control 


10/16 


10/12 


3.0 


3.9 


0 


12-9 


0/16 


10/12 


all dead 


0.5 


0.004 


3-20 


2/16 


11/12 


0.8 


1.5 


0.004 


11-31 


1/16 


10/12 


3.7 


1.2 


0.015 


3-4 


0/16 


11/12 


all dead 


0.6 


0.013 


3-10 


1/16 


12/12 


3.5 


0.8 


0 


3-38 


0/16 


11/12 


all dead 


0.4 


0.0025 


3-34 


0/16 


11/12 


all dead 


0.5 


0.0025 
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the enhanced CaMV35S promoter, HSP70 intron, ACC 
deaminase coding sequences, and nopaline synthase poly- 
adenlyation region in a pUC backbone containing a 
p-lactamase gene for ampicillin selection in bacteria. 

5 Stably transformed BMS calli were produced using par- 
ticle gun bombardment to introduce pMON18131 as 
described in Example 3A. pMON18131 was bombarded in 
combination with EC9 (FIG. 19) into BMS cells. Resistant 
calli were selected on 20 ppb chlorsulfuron. The resistant 

10 calli were then assayed for expression of the ACC deami- 
nase gene. 

Chlorsulfuron resistant calli bombarded with 
pMON18131 were assayed by Western blot analysis. Sev- 
enteen of 24 lines examined showed high levels of ACC 
-^^ deaminase protein accumulation (-0.1% of total protein). 



Example 8 

pMON18103 (FIG. 16) contains a gene fusion composed 
of the N-terminal 0.26 Kb chloroplast transit peptide 
sequence derived from the Arabidopsis thaliana SSU la 
gene (SSU-CTP) (Timko et al., 1988, The Impact of Chem- 
istry on Biotechnology, ACS Books, 279-295) and the E. 
coli ADPglucose pyrophosphorylase mutant gene glgC16 
(Leung et al., 1986,/. Bacteriol 167: 82-88). Expression of 
the SSU-CTP/glgC16 fusion results in increased starch 
accumulation in plant cells. pMON18103 was constructed 
by inserting the SSU-CTP/glgC16 coding sequence on a 1.6 
kb Xbal fragment into the Xbal site in pMON19467 (see 
FIG. 23). Thus, pMON19486 is comprised of, from 5' to 3', 
the enhanced CaMV35S promoter, HSP70 intron, 
SSU-CTP/glgC16 coding sequences, and nopaline synthase 
polyadenlyation region in a pUC backbone containing a 
p-lactamase gene for ampicillin selection in bacteria. 

Stably transformed BMS calli were produced using par- 
ticle gun bombardment to introduce pMON18103 as 
described in Example 3A. pMON19103 was bombarded in 
combination with EC9 (FIG. 19) into BMS cells. Resistant 
calli were selected on 20 ppb chlorsulfuron. The resistant 
calli were then assayed for expression of the glgC16 gene. 

Chlorsulfuron resistant BMS lines that had been bom- 
barded with pMON18103 were assayed for starch accumu- 
lation using I2/IKI staining (Coe et al., 1988, in Corn and 
Corn Improvement, eds. GF Sprague and JW Dudley. AGS 
Inc., Madison, Wise. pp. 81-258). Eight of 67 lines showed 
increased levels of starch staining relative to control calli. 
Western blot analyses were performed on these lines as 
described above. All lines showed ADP-GPP expression, 
with levels from 0.02-0.1% of total protein relative to 
quantitation standards using E. co//-produced ADP-GPP 
protein. 

Example 9 

pMON18131 (FIG. 15) contains the ACC deaminase gene 
from Pseudomonas. The ACC deaminase enzyme converts 
1-aminocyclopropane-l-carboxylic acid (ACC) to alphake- 
tobutyrate and ammonia (Honma and Shimomura, 1978, 
Agric. Biol Chem. Vol.42 No. 10: 1825-1813). The expres- 
sion of the ACC deaminase enzyme in plants results in 
inhibition of the ethylene biosynthesis (Klee et al., 1991, 
Plant Cell Vol. 3, pp. 1187-1193) which affects ripening. 
pMON18131 was constructed by inserting the 1.1 kb ACC 
deaminase gene as an Xbal-BamHI fragment into 
pMON18103 (FIG. 16), replacing the glgC16 coding 
sequence. Thus, pMON19486 is comprised of, from 5' to 3', 



Example 10 

Production of Plants Using Vectors Containing the HSP70 
Intron and Bialaphos Selection 

20 pMON19477 (FIG. 24) contains the BAR gene from S. 
hygroscopicus. The BAR gene encodes a phosphinothricin 
acetyltransferase enzyme that can be used as a selectable 
marker by conferring resistance to bialaphos or 
phosphinothricin, the active ingredient in the herbicide 

25 BASTA(Fromm et al., 1990, Bio I Technology 8:833-839; De 
Block et al., 1987, Embo. J. 6:2513-2518; Thompson et al., 
1987, Embo. J. 6:2519-2523). pMON19477 was con- 
structed by inserting the BAR gene as a 0.6 kb BamHI-BClI 
fragment into the BamHI site in pMON19470 (FIG. 8). 

30 Thus, pMON19477 is comprised of, from 5' to 3', the 
enhanced CaMV35S promoter, HSP70 intron, BAR coding 
sequence, and nopaline synthase polyadenylation region in 
a pUC-like backbone containing an NPTII gene for kana- 
mycin selection in bacteria. 

35 pMON19493 (FIG. 25) contains a "synthetic" 5.r.k. gene 
consisting of 1.8 kb truncated gene encoding amino acids 1 
to 615 of the Bacillus thuringensus kurstaki CryIA(b) insect 
control protein described by Fischhoff et al. (1987) Biol 
Technology 5: 807-813, translationally fused to the 1.8 kb 3' 

40 half of the CryIA(c) gene encoding amino acids 616-1177 
(Adang et al. 1985, Gene 36: 289-300). Expression of the 
gene in plants results in insect resistance. pMON19493 was 
constructed by inserting the 3.6 kb "synthetic" 5.r.k. gene 
coding sequence as a Bglll fragment into the BamHI site in 

45 pMON19470 (FIG. 8). Thus, pMON19493 is comprised of, 
from 5' to 3', the enhanced CaM 35S promoter, HSP70 
intron, "synthetic" 5.r.k. coding sequence, and nopaline 
synthase polyadenylation region in a pUC-like backbone 
containing an NPTII gene for kanamycin selection in bac- 

50 teria. 

pMON19468 (FIG. 26) contains the E. coli GUS gene and 
can be used as a visible scoreable marker of transformation 
using histochemical staining. pMON19468 was constructed 
using the 1.8 kb Bglll-EcoRI fragment containing the GUS 

55 gene from pMON8678 inserted into the BamHI-EcoRI site 
in the pMON19470 backbone. Thus, pMON19468 is com- 
prised of, from 5' to 3', the enhanced CaMV35S promoter, 
HSP70 intron, GUS coding sequence, and nopaline synthase 
polyadenylation region in a pUC-like backbone containing 

60 an NPTII gene for kanamycin selection in bacteria. 

Embryogenic cultures were initiated from immature 
maize embryos of the "Hi-II" genotype (Armstrong et al., 
1991, Maize Genetic Newsletter 65:92-93) cultured 18-33 
days on N6 2-100-25-Ag medium (Chu et al., 1975, ScL Sin. 

65 Peking 18:659-688) modified to contain 2 mg/L 2,4- 
dichlorophenoxyacetic acid, 180 mg/L casein hydrolysate, 
25 mM L-proline, 10 uM silver nitrate, pH5.8, solidified 
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with 0.2% Phytagel'^^ (Sigma). These embryogenic cultures 
were used as target tissue for transformation by particle gun 
bombardment. 

A 2:1:1 mixture of pMON19477, pMON19493, and 
pMON19468 plasmid DNAs was precipitated onto tungsten 5 
MIO particles by adding 12.5 ul of particles (25 mg/ml in 
50% glycerol), 2.5 ul experimental plasmid DNA (1 ug/ul), 
12.5 ul IM calcium chloride, and 5 ul O.IM spermidine, and 
vortexing briefly. The particles were allowed to settle for 20 
minutes, after which 12.5 ul of supernatant was removed and lo 
discarded. Each sample of DNA-tungsten was sonicated 
briefly and 2.5 ul was bombarded into the embryogenic 
cultures using a PDS-1000 Biolisitics particle gun (DuPont). 

The tissue was transferred to fresh, nonselective medium 
the day after bombardment. Six days post -bombardment, the 15 
material was transferred to selective media containing 2 
mg/L 2,4-dichlorophenoxyacetic acid, 10 uM silver nitrate, 
no casamino acids or proline, and 0.3 mg/L bialaphos. After 
2-3 weeks, the cultures were transferred to fresh media 
which contained 1.0 mg/L bialaphos. The cultures were 20 
maintained on the 1.0 mg/L bialophos media, transferred at 
2-3 week intervals, until bialaphos-resistant calli could be 
distinguished. Seven bialaphos resistant calli were recovered 
from eight plates of embryogenic material. 

Bialaphos resistant lines were bulked up and assayed for 25 
B.t.k. or GUS expression. All lines were tested for insecti- 
cidal activity in Tobacco Hornworm (THW) feeding assays 
to test for B.t.k. expression. Approximately 0.5 g of the 
embryogenic callus was fed to 10-12 THW larvae. Two 
lines, 284-5-31 and 284-6-41, were positive and showed 
significant lethality to the THW insects, indicating that the 
B.t.k. gene from pMON19493 had integrated into their 
genomes and was being expressed. All lines were also 
assayed for GUS expression using a histochemical assay 
(Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W., 1987, 
Embo. J. 6:3901-3907). Of the seven lines tested, only a 
single line, 284-8-31, showed any detectable blue staining 
indicative of GUS expression from pMON19468. 

Plants were regenerated from all of the bialophos resistant 
calli in a three step regeneration protocol. All regeneration 
was performed on 1 mg/L BASTA. Embryogenic tissue was 
incubated on each medium for about two weeks and then 
transferred to the medium for the next step (see Table 6 for 
regeneration media ingredients). The first two steps were 
carried out in the dark at 28° C, and the finalstep under a 45 
16:8 hour photoperiod, ~70 uE m-2 sec-1 provided by 
cool-white fluorescent bulbs, at -25° C. Small green shoots 
that formed on Regeneration Medium 3 in 100x25 mm Petri 
plates are transferred to Regeneration Medium 3 in 200x25 
mm Pyrex'^^ or Phytatrays'^^ to permit further plantlet 
development and root formation. Upon formation of a 
sufficient root system, the plants were carefully removed 
from the medium, the root system washed under running 
water, and the plants placed into 2.5" pots containing Metro- 
mix 350 growing medium. The plants were maintained for 55 
several days in a high humidity environment, and then the 
humidity was gradually reduced to harden off the plants. The 
plants were transplanted from the 2.5" pots to 6" pots and 
finally to 10" pots during growth. 

60 

TABLE 6 



Regen 1 



Regen 2 



Regen 3 



MS salts (Sigma; N6 salts (Sigma; MS salts (Sigma; 

4.4 g/L 4.0 g/L 4.4 g/L 

1.30 mg/L nicotinic 0.5 mg/L nicotinic 1.30 mg/L nicotinic 



30 



35 



40 



50 
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TABLE 6-continued 



Regen 1 



Regen 2 



Regen 3 



acid 

0.25 mg/L pyridoxine 
HCl 

0.25 mg/L thiamine 
HCl 

0.25 mg/L 
Ca-pantothenate 
100 mg/L myo-inositol 60 g/L sucrose 



acid 

0.5 mg/L pyridoxine 
HCl 

1.0 mg/L thiamine 
HCl 

2.0 mg/L glycine 



1 mM asparagine 
0.1 mg/L 2,4-D 
0.1 juM ABA 
20 g/L sucrose 
2.0 g/L Phytagel ™ 
pH 5.8 



2.0 g/L Phytagel ™ 
pH 5.8 



acid 

0.25 mg/L pyridoxine 
HCl 

0.25 mg/L thiamine 
HI 

0.25 mg/L 

Ca-pantothenate 

100 mg/L myo-inositol 

1 mM asparagine 

20 g/L sucrose 

2.0 g/L Phytagel ™ 

pH 5.8 



All ingredients can be obtained from Sigma Chemical Co., P.O. Box 14508, 
St. Louis, MO 63178. 

All corn plants regenerated from bialaphos resistant 
embryogenic calli were shown to express at least one of the 
genes that had been bombarded: BAR, B.t.k., or GUS. Plants 
regenerated from the bialophos resistant, THW negative 
callus lines were confirmed to be transgenic and expressing 
the BAR gene by BASTA leaf painting assays. Seedlings 
were assayed when 4—5 leaves had fully emerged from the 
whorl. A solution of 1% BASTA, 0.1% Tween20 was 
applied to the upper and lower surfaces of the first fully 
emerged leaf. The plants were scored three days after 
painting. The control plants showed yellowing and necrosis 
on the leaves, while the leaves from the resistant lines were 
green and healthy. This indicates not only that the BAR gene 
in pMON19477 was expressed in these plants, but also that 
the expression levels were high enough to confer resistance 
to the herbicide BASTA at the plant level. 

Plants regenerated from the two lines that had shown 
THW activity, 284-5-31 and 284-6-41, were assayed for 
B.t.k. expression by whole plant feeding assays. Plants 
approximately 30" in height were inoculated with 100 
European Corn Borer (ECB) eggs. Feeding damage was 
scored on a scale of 0 (no damage) to 9 (high level of leaf 
feeding damage) two weeks after inoculation. The control 
plants scored insect feeding ratings of 9. All plants from 
either line containing pMON19493 received ratings of zero; 
no ECB damage was present. 

The ECB feeding studies indicate that the B.t.k. gene was 
expressed at high enough levels in the regenerated plants to 
impart insect resistance. To quantitate the level of 
expression, samples from the regenerated lines were assayed 
by ELISA. Eight plants regenerated from each callus line 
were analyzed. Plants from line 284-5-31 ranged in B.t.k. 
expression from 0.006 to 0.034% of total cellular protein, 
with an average value of 0.02%. Plants from line 284-6-41 
ranged in B.t.k. expression from 0.005 to 0.05%, also with 
an average of 0.02% of total protein. 

Example 11 

Production of Plants Using Glyphosate Selection Vectors 
Containing the HSP70 Intron 

pMON19640 (FIG. 12) contains a 5-enolpyruvyl- 
shikimate-3-phosphate synthase (EPSPS) gene. To form 
pMON19640 (FIG. 12), a 1.75 kb Xbal-EcoRI fragment 
containing the maize EPSPS coding sequence with two 
mutations (Glyl44>Ala and Gly206>Asp) of mature peptide 
that confers tolerance to glyphosate herbicide was inserted 
into the corresponding restriction sites in pMON19470 
(FIG. 8). Thus, pMON19640 is comprised of, from 5' to 3', 
the enhanced CaMV35S promoter, HSP70 intron, EPSPS 



5,859,347 



23 



24 



coding sequence, and nopaline synthase polyadenylation 
region in a pUC-like backbone containing an NPTII gene for 
kanamycin selection in bacteria. 

pMON19643 (FIG. 17) contains a gene fusion composed 
of the N-terminal 0.26 Kb chloroplast transit peptide 5 
sequence derived from the Arabidopsis thaliana SSU la 
gene (SSU CTP) (Timko et al., 1988, The Impact of Chem- 
istry on Biotechnology, ACS Books, 279-295) and the 
C-terminal 1.3 Kb synthetic GOX gene sequence. The GOX 
gene encodes the enzyme glyphosate oxidoreductase which 
catalyzes the conversion of glyphosate to herbicidally inac- 10 
tive products, aminomethylphosphonate and glyoxylate. 
Plant expression of the gene fusion produces a pre-protein 
which is rapidly imported into chloroplasts where the CTP 
is cleaved and degraded releasing the mature GOX protein 
(della-Cioppa et al., 1986, Proc. Natl Acad. Sci. USA 83: ^5 
6873-6877). pMON19643 (FIG. 18) was constructed by 
inserting the SSU-CTP — GOX fusion coding sequences into 
pMON19470 as a 1.6 kb Bglll/EcoRI fragment into BamHI- 
EcoRI digested pMON19470 (FIG. 8). Thus, pMON19643 
is comprised of, the from 5' to 3', enhanced CaMV35S 
promoter, HSP70 intron, SSU-CTP— GOX coding 
sequence, and nopaline synthase polyadenylation region in 
a pUC-like backbone containing an NPTII gene for kana- 
mycin selection in bacteria. 

Embryogenic cultures were initiated from immature 
maize embryos of the "Hi-II" genotype (Armstrong et al., 25 
1991, Maize Genetic Newsletter 65:92-93) cultured 18-33 
days on N6 1-100-25 medium (Chu et al., 1975, Sci. Sin. 
Peking, 18:659-688) modified to contain 1 mg/L 2,4- 
dichlorophenoxyacetic acid, 180 mg/L casein hydrolysate, 
25 mM L-proline, and solidified with 0.2% Phytagel'^^ 30 
(Sigma). These embryogenic cultures were used as target 
tissue for transformation by particle gun bombardment. 

A 1:1 mixture of PMON19640 and pMON19643 plasmid 
DNAs was precipitated onto tungsten MIO particles by 
adding 12.5 ul of particles (25 mg/ml in 50% glycerol), 2.5 ^5 
ul experimental plasmid DNA(1 ug/ul), 12.5 ul IM calcium 
chloride, and 5 ul O.IM spermidine, and vortexing briefly. 
The particles were allowed to settle for 20 minutes, after 
which 12.5 ul of supernatant was removed and discarded. 
Each sample of DNA-tungsten was sonicated briefly and 2.5 
ul was bombarded into the embryogenic cultures using a 
PDS-1000 Biolistics particle gun (DuPont). 

One week after bombardment, cultures were transferred 
to fresh N6 1-0-25 medium (same as the initiation medium, 
except removing casein hydrolysate and adding 1 mM 
glyphosate). After two weeks growth on 1 mM glyphosate 45 
medium, cultures were transferred to the same base medium 
but with 3 mM glyphosate. Additional transfers were made 
at approximately 2 week intervals on 3 mM glyphosate 
medium. Glyphosate resistant calli were identified approxi- 
mately 8-10 weeks post-bombardment, at a frequency of 50 
approximately 0.2-1.0 resistant calli per bombarded plate. 

Plants were regenerated from glyphosate resistant calli as 
described for bialaphos resistant calli in Example 10, except 
that instead of 1 mg/L Basta either 0.01 mM glyphosate or 
no selective agents were added to the culture medium. Plants 
were analyzed for expression of pMON19643 by Western 
blot analysis. Leaf punches were taken from several indi- 
vidual plants regenerated from three independent glyphosate 
resistant calli. All three lines showed detectable levels of 
GOX gene expression. Four plants assayed from line 264- 
2-1 had a low but detectable level of GOX expression 
(approximately 0.002% of total protein). Five plants from 
line 269-1-1 showed higher GOX protein levels ranging 
from 0.04-0.06% of total protein. Lastly, 23 plants were 
assayed from line 292-5-1. GOX protein levels ranged from 
0.05 to 0.1% of total protein. These plants sprayed with 65 
glyphosate at 29 oz./acre produced fully fertile plants. R-^ 
progeny of these plants were sprayed with glyphosate at 29, 



58 and 115 oz/acre. One line of plants showed no vegetative 
damage at the highest application rate indicating glyphosate 
resistance at levels at which complete weed control would 
be achieved. 

Example 12 
Effect of the HSP70 Intron Alterations 

A. Deletions within the HSP70 intron 

Deletion 1 (FIG. 2) (SEQ ID N0:2) was created by 
digestion of pMON19433 with BsmI and Nsil, followed by 
treatment with T4 polymerase to create blunt ends, and 
religation. Deletion 2 (FIG. 3) (SEQ ID N0:3) was made 
similarly, except using digestion with BsmI and SnaBI. The 
effect on gene expression of the full length HSP70 intron 
versus the effect of Deletion 1 or Deletion 2 was compared 
in BMS particle gun transient assays as described in 
Example 2. As shown below, the introns with internal 
deletions increase GUS gene expression over the no intron 
control to a similar extent as the full length intron in 
pMON19433. 



40 



Intron 


Relative GUS Expression 


none 


IX 


HSP70 full length 


32-5 IX 


HSP70 deletion 1 


14-38X 


HSP70 deletion 2 


14-30X 



B. Alterations in 5' and 3' slice site consensus sequences 

In the original polymerase chain reaction (PGR) synthesis 
of the HSP70 intron by polymerase chain reaction, a variant 
intron was also synthesized. This variant intron, when 
cloned adjacent to p-glucuronidase or luciferase, increases 
expression 4 fold relative to a no intron control but 10 fold 
less than the wild type HSP70 intron. The only significant 
difference in nucleotide sequence from that shown in SEQ 
ID N0:1 was a deletion of the adenine at nucleotide 19. 

The HSP70 intron differs from the published (Brown, J. 
W. S., 1986, Nuc. Acid Res. 14:9949-9959) 5' splice site 
consensus sequence at two positions and from the 3' splice 
site consensus sequence at one position. The deletion of 
nucleotide 19 causes the variant HSP70 intron to diverge 
from the 5' splice site consensus sequence at four positions. 
Thus, the variant intron probably does not splice as effi- 
ciently as the wildtype intron and this may account for the 
difference in their effect on gene expression. 

To address this question, variants of the HSP70 intron that 
contain perfect consensus sequences at the 5' splice junction, 
3' splice junction, or both were constructed. The variants of 
the HSP70 intron were synthesized by PGR utilizing primers 
containing the desired changes to mutate the HSP70 intron 
splice sites to the 5' and/or 3' splice junction consensus 
sequences. Specifically, the 5' splice junction consensus 
primer contained nucleotides 1 to 26 of SEQ ID N0:1 except 
that nucleotide 15 and nucleotide 20 were each changed to 
adenine. The 3' splice junction consensus primer contained 
nucleotides that complement nucleotides 791 to 816, except 
that nucleotide 800 was changed to a guanine (cytosine in 
the primer). 

The PGR products containing the variant HSP70 introns 
were digested with Bglll and Ncol and cloned into 
pMON8677, analogously to the construction of 
pMON19433. Therefore, each vector contains, from 5' to 3', 
the enhanced CaMV35S promoter, HSP70 intron (original 
or variant), p-glucuronidase (GUS) coding sequence, and 
nopaline synthase polyadenylation region. They are all iden- 
tical except for the intron. pMON19433 contains the original 
HSP70 intron, pMON19460 contains the 5' splice site con- 
sensus variant intron, pMON19463 contains the 3' splice site 
consensus variant intron, and pMON19464 contains a vari- 
ant intron containing both 5' and 3' splice site consensus 
sequences. 
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pMON19460, pMON19463, pMON19464, and 
pMON19433 were compared in transient gene expression 
assays in BMS cells as described in Example 2. As shown 
below, none of the variations in the HSP70 intron signifi- 
cantly altered GUS gene expression. 



splice junction 

Vector 5' 3' Relative GUS expression 

pMON19433 HSP70 wt HSP70 wt IX 
PMON19460 consensus HSP70 wt 1.1-1.4X 
pMON19463 HSP70 wt consensus 1.1-1.4X 
pMON19464 consensus consensus 1.6-1 .7X 



C. Increasing the number of exon sequences does not 
effect the HSP70 intron 

The original HSP70 "intron" contains the entire interven- 
ing sequence as well as 10 bases of exon 1 and 11 bases of 
exon 2. Because the intron is placed in the 5' untranslated 
leader region between the enhanced CaMV35S promoter 
and coding sequence, those 21 bases of exon sequence are 
left behind in the leader. PGR primers that give 50 nucle- 
otides of the 3' end of HSP70 exon 1 and/or 28 nucleotides 
of the 5' end of HSP70 exon 2 (Shah et al., 1985, In Cell and 
Mol Biol of Plant Stress. Alan R. Liss, Inc. pp. 181-200) 
were used to synthesize introns containing different amounts 
of exon sequences to determine if extra HSP70 exon 
sequences would affect the splicing efficiency and ability to 
increase gene expression. 

The PGR products containing the various HSP70 introns 
with different exon lengths were digested with Bglll and 
Ncol and cloned into pMON8677, analogously to the con- 
struction of pMON19433. Therefore, each vector contains, 
from 5' to 3', the enhanced GaMV35S promoter, HSP70 
intron plus surrounding exon sequences, p -glucuronidase 
(GUS) coding sequence, and nopaline synthase polyadeny- 
lation region. They are all identical except for the length of 
the HSP70 exon surrounding the intron. 

These vectors were then compared in transient gene 
expression assays in BMS cells as described in Example 2. 
As shown below, none of the variations in the HSP70 intron 
significantly altered GUS gene expression. 



Vector 


Exon 1 


Exon 2 


Relative GUS Expression 


19433 


10 nt 


11 nt 


IX 


19462 


10 nt 


28 nt 


0.6-0.9X 


19465 


50 nt 


11 nt 


1.2-1.5X 


19466 


50 nt 


28 nt 


0.8-1. 5X 



Example 13 

HSP70 Intron Increases Gene Expression in Wheat Gells 

To test the effect of introns on gene expression in wheat 
cells, transient gene expression assays were performed. 
G983 wheat suspension cells (obtained from Dr. I. Vasil, 
Univ. of Florida) were plated and bombarded with 
p -glucuronidase vectors containing no intron (pMON8677), 
ADHl intron (pMON8678), and the HSP70 intron 
(pMON19433) as described for corn suspension cells in 
Example 2. As shown below, the effect of the ADHl and 
HSP70 introns on GUS expression in wheat cells is com- 
parable to that in corn cells. The ADHl intron vector 
produces higher levels of GUS expression expression than 
does the vector with no intron, but the HSP70 intron vector 
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produces significantly higher levels of expression than the 
ADHl intron vector. 



5 


Vector 


Intron 


Mean Relative GUS 




pMON8677 


none 


IX 




pMON8678 


ADHl 


2X 




pMON19433 


HSP70 


6-9X 



10 

Example 14 

The HSP70 Intron Increases Gene Expression in Rice 

Rice tissue culture line 812M from rice strain 8706, an 
indica/japonica hybrid, was grown in MS medium. One day 

15 after subculture the cells were transferred to Whatman filters 
for particle gun bombardment. Bombardments were per- 
formed with CaCl2/spermidine precipitated plasmid DNA 
using a PDS-1000 as described for BMS cells (Example 3). 
The cells were allowed to express the introduced genes for 

2Q two days and then harvested, p -Glucuronidase (GUS) and 
luciferase (LUX) were assayed as described, supra. As 
shown in Table 7, in duplicate experiments the presence of 
the HSP70 intron in the 5' untranslated region increases 
average GUS expression relative to LUX expression about 
10 fold over the expression observed with the vector without 
an intron. 



TABLE 7 


Effect 


of HSP70 Intron in Rice 




Vector 


Intron 


GUS/LUX 


pMON8677 


none 


15.5 


pMON19433 


HSP70 


150.7 



Example 15 

Expression of CP4 EPSPS Using HSP70 Intron Vectors 

pMON19653 (FIG. 27) was constructed to test expression 
of the CP4 EPSPS gene (U.S. patent application Ser. No. 

40 07/749,611 filed Aug. 28, 1991 incorrporated herein by 
reference) in an HSP70 intron vector. A 1.7 kb Bglll-EcoRI 
fragment containing the 300 bp chloroplast transit peptide 
from the Arabidopsis EPSPS gene (AEPSPS CTP) fused in 
frame to the 1.4 kb bacterial CP4 EPSPS protein coding 

45 region was cloned into BamHI-EcoRI digested 
pMON19470 to form pMON19653. Thus, pMON19653 is 
comprised of, from 5' to 3', the enhanced CaMV35S 
promoter, HSP70 intron, AEPSPS CTP/CP4 coding 
sequence, and nopaline synthase polyadenylation region in 

50 a pUC-like backbone containing an NPTII gene for kana- 
mycin selection in bacteria. 

pMON19653 was introduced into embryogenic cells in 
combination with pMON19643 and transformed calli 
selected on glyphosate medium as described in Example 11. 
Glyphosate resistant embryogenic callus were assayed by 
Western Blot analysis. The amount of CP4 protein expressed 
was determined by comparison to standards of E. coli 
produced protein. Nine lines were generated. The CP4 
expression levels ranged from undetectable to 0.3% of the 
total protein in crude extracts made from the embryogenic 
callus, with an average value of 0.17%. 

The above examples indicate that the use of vectors 
containing the HSP70 intron would be expected to enhance 
the expression in monocot plants of other DNA sequences 
encoding proteins. 
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SEQUENCE LISTING 

( 1 ) GENERAL INFORMATION: 

( i i i ) NUMBER OF SEQUENCES: 3 

( 2 ) INFORMATION FOR SEQ ID N0:1: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 816 base pairs 
( B ) TYPE: nucleic acid 
( C ) STRANDEDNESS: double 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (synthetic) 

( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:1: 

AGATCTACCG TCTTCGGTAC GCGCTCACTC CGCCCTCTGC CTTTGTTACT GCCACGTTTC 6 0 

TCTGAATGCT CTCTTGTGTG GTGATTGCTG AGAGTGGTTT AGCTGGATCT AGAATTACAC 120 

TCTGAAATCG TGTTCTGCCT GTGCTGATTA CTTGCCGTCC TTTGTAGCAG CAAAATATAG 180 

GGACATGGTA GTACGAAACG AAGATAGAAC CTACACAGCA ATACGAGAAA TGTGTAATTT 240 

GGTGCTTAGC GGTATTTATT TAAGCACATG TTGGTGTTAT AGGGCACTTG GATTCAGAAG 3 00 

TTTGCTGTTA ATTTAGGCAC AGGCTTCATA CTACATGGGT CAATAGTATA GGGATTCATA 360 

TTATAGGCGA TACTATAATA ATTTGTTCGT CTGCAGAGCT TATTATTTGC CAAAATTAGA 420 

TATTCCTATT CTGTTTTTGT TTGTGTGCTG TTAAATTGTT AACGCCTGAA GGAATAAATA 48 0 

TAAATGACGA AATTTTGATG TTTATCTCTG CTCCTTTATT GTGACCATAA GTCAAGATCA 540 

GATGCACTTG TTTTAAATAT TGTTGTCTGA AGAAATAAGT ACTGACAGTA TTTTGATGCA 600 

TTGATCTGCT TGTTTGTTGT AACAAAATTT AAAAATAAAG AGTTTCCTTT TTGTTGCTCT 660 

CCTTACCTCC TGATGGTATC TAGTATCTAC CAACTGACAC TATATTGCTT CTCTTTACAT 720 

ACGTATCTTG CTCGATGCCT TCTCCCTAGT GTTGACCAGT GTTACTCACA TAGTCTTTGC 780 

TCATTTCATTGTAATGCAGATACCAAGCGGCCATGG 816 

( 2 ) INFORMATION FOR SEQ ID N0:2: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 283 base pairs 
( B ) TYPE: nucleic acid 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (synthetic) 

( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:2: 

AGATCTACCG TCTTCGGTAC GCGCTCACTC CGCCCTCTGC CTTTGTTACT GCCACGTTTC 6 0 

TCTGAATGTG ATCTGCTTGT TTGTTGTAAC AAAATTTAAA AATAAAGAGT TTCCTTTTTG 120 

TTGCTCTCCT TACCTCCTGA TGGTATCTAG TATCTACCAA CTGACACTAT ATTGCTTCTC 180 

TTTACATACG TATCTTGCTC GATGCCTTCT CCCTAGTGTT GACCAGTGTT ACTCACATAG 240 

TCTTTGCTCA TTTCATTGTA ATGCAGATAC CAAGCGGCCA TGG 283 

( 2 ) INFORMATION FOR SEQ ID N0:3: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 162 base pairs 
( B ) TYPE: nucleic acid 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: linear 
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( i i ) MOLECULE TYPE: DNA (synthetic) 

( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:3: 
AGATCTACCG TCTTCGGTAC GCGCTCACTC CGC 
TCTGAATGGT ATCTTGCTCG ATGCCTTCTC CCT 
CTTTGCTCAT TTCATTGTAA TGCAGATACC AAG 



CCTCTGC CTTTGTTACT GCCACGTTTC 60 
AGTGTTG ACCAGTGTTA CTCACATAGT 120 
CGGCCAT GG 16 2 



We claim: 

1. An isolated DNA segment comprising in sequence: 

(a) a promotor that functions in monocotyledonous plant 
cells; 1^ 

(b) a non-translated leader DNA comprising an intron 
sequence including at least sufficient nucleotide 
sequence from the 5' end and from the 3' end of SEQ 
ID NO: 1 to splice said intron sequence; and 

(c) a DNA sequence that in combination with (a) and (b) '^^ 
effects production of an RNA sequence; wherein the 
non-translated leader of (b) increases expression of the 
DNA sequence relative to wild-type expression. 

2. The isolated DNA segment of claim 1, further com- 
prising a 3' non-translated sequence that functions in plant 25 
cells to cause addition of a polyadenylated nucleotide 
sequence to the 3' end of said RNA sequence. 

3. The isolated DNA segment of claim 1, wherein said 
intron sequence comprises at least about 162 nucleotides 
created by ligating a 5' end sequence and a 3' end sequence 30 
from SEQ ID N0:1. 

4. The isolated DNA segment of claim 3, wherein said 
intron sequence is SEQ ID N0:3. 

5. The isolated DNA segment of claim 3, wherein said 
intron sequence comprises at least about 283 nucleotides 35 
created by ligating a 5' end sequence and a 3' end sequence 
from SEQ ID NO: 1. 

6. The isolated DNA segment of claim 5, wherein said 
intron sequence is SEQ ID N0:2. 

7. The isolated DNA segment of claim 5, wherein said 40 
intron sequence is SEQ ID NO: 1. 

8. The isolated DNA segment of claim 1, fused to said 
leader DNA further comprising between about 10 and about 
50 additional nucleotides of an exon fused to said leader 
DNA. 45 

9. The isolated DNA segment of claim 1, further com- 
prising between about 11 and about 28 additional nucle- 
otides of an exon fused to said leader DNA. 

10. The isolated DNA segment of claim 1, further com- 
prising between about 10 and about 50 additional nucle- 50 
otides from the 3' end of HSP70 exon 1 and between about 

11 and about 28 additional nucleotides from the 5' end of 
HSP70 exon 2 fused to said leader DNA. 

11. The isolated DNA segment of claim 1, wherein said 
intron sequence comprises a splice site consensus sequence. 55 

12. The isolated DNA segment of claim 11, wherein said 
intron sequence comprises a 5' splice site consensus 
sequence. 

13. The isolated DNA segment of claim 11, wherein said 
intron sequence comprises a 3' splice site consensus 60 
sequence. 

14. The isolated DNA segment of claim 11, wherein said 
intron sequence comprises a 5' splice site consensus 
sequence and a 3' splice site consensus sequence. 

15. The isolated DNA segment of claim 11, wherein said 65 
intron sequence has an adenine nucleotide at position 15 of 
SEQ ID NO: 1. 



16. The isolated DNA segment of claim 11, wherein said 
intron sequence has an adenine nucleotide at position 20 of 
SEQ ID NO: 1. 

17. The isolated DNA segment of claim 11, wherein said 
intron sequence has a guanine nucleotide at position 800 of 
SEQ ID NO: 1. 

18. The isolated DNA segment of claim 14, wherein said 
intron sequence has an adenine nucleotide at position 15, an 
adenine nucleotide at position 20, and a guanine nucleotide 
at position 800 of SEQ ID NO: 1. 

19. The isolated DNA segment of claim 1, wherein said 
promoter comprises a plant DNA virus promoter. 

20. The isolated DNA segment of claim 14, wherein said 
promoter is a CaMV35S promoter or an FMV promoter. 

21. The isolated DNA segment of claim 1, wherein said 
DNA sequence encodes an EPSP synthase, a CP4 protein, an 
ACC-deaminase, a B.t. crystal toxin, a glgC16 protein, a 
plant viral coat protein or a GOX protein. 

22. A method for the expression of a gene in a mono- 
cotyledonous plant, comprising introducing into the plant 
cell a DNA segment comprising in sequence: 

(a) a promotor that functions in monocotyledonous plant 
cells; 

(b) a non-translated leader comprising an intron sequence 
including at least sufficient nucleotide sequence from 
the 5' end and from the 3' end of SEQ ID NO: 1 to splice 
said intron; and 

(c) a DNA sequence comprising said gene; wherein the 
DNA segment comprising (a), (b) and (c) produces an 
RNA sequence that effects expression of said gene. 

23. The method of claim 22, wherein said DNA further 
comprises a 3' non-translated sequence that functions in 
monocotyledonous plant cells to cause addition of a poly- 
adenylated nucleotide sequence to the 3' end of said RNA 
sequence. 

24. The method of claim 22, wherein said intron sequence 
comprises at least about 162 nucleotides comprised by 
ligating a 5' end sequence and a 3' end sequence from SEQ 
ID NO: 1. 

25. The method of claim 22, further comprising between 
about 10 and about 50 additional nucleotides of an exon 
fused to said leader DNA. 

26. The method of claim 22, wherein said intron sequence 
comprises a splice site consensus sequence. 

27. The method of claim 22, wherein said DNA sequence 
encodes an EPSP synthase, a CP4 protein, an ACC- 
deaminase, a B.t. crystal toxin, a glgC16 protein, a plant 
viral coat protein or a GOX protein. 

28. The method of claim 22, wherein said plant is maize, 
wheat or rice. 

29. A transgenic monocotyledonous plant comprising the 
DNA of claim 11. 

30. The plant of claim 29, wherein said DNA further 
comprises a 3' non-translated sequence that functions in 
plant cells to cause addition of a polyadenylated nucleotide 
sequence to the 3' end of said RNA sequence. 
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31. The plant of claim 29, wherein said intron sequence 
comprises at least about 162 nucleotides obtained by ligating 
a 5° end sequence and a 3° end sequence from SEQ ID NO: 
1. 

32. The plant of claim 29, further comprising between 
about 10 and about 50 additional nucleotides of an exon 
fused to said leader DNA. 

33. The plant of claim 29, wherein said intron sequence 
comprises a splice site consensus sequence. 



9,347 

32 

34. The plant of claim 29, wherein said DNA sequence 
encodes an EPSP synthase, a CP4 protein, an ACC- 
deaminase, a B.t. crystal toxin, a glgC16 protein, a plant 

^ viral coat protein or a GOX protein. 

35. The plant of claim 29, wherein said plant is maize, 
wheat or rice. 
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ABSTRACT 



Novel helper vectors are provided for complementing defec- 
tive recombinant viral vectors, characterized in that they are 
provided with recombination sequences recognized by a 
recombinase. A complementation cell expressing the 
recombinase, and a method for preparing recombinant viral 
vectors as infectious viral particles for transferring and 
expressing genes of interest in a host organism or cell, are 
also provided. The invention is particularly suitable for use 
in gene therapy, especially in humans. 
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HELPER VIRUSES FOR THE PREPARATION 
OF RECOMBINANT VIRAL VECTORS 

This application is a continuation of application Ser. No. 
09/011,257, filed Mar. 9, 1998 now U.S. Pat. No. 6,066,478 5 
which is a 371 application of PCT/FR96/01200, filed Jul. 30, 
1996. 

The present invention relates to novel helper vectors 
allowing defective recombinant viral vectors, which have 
the characteristic of being provided with recombination lo 
sequences recognized by a recombinase, to be comple- 
mented. It likewise relates to a complementation cell 
expressing the recombinase as well as a method of prepa- 
ration of recombinant viral vectors in the form of infectious 
viral particles allowing the transfer and the expression of 15 
genes of interest in a cell or a host organism. The invention 
is of very particular interest for gene therapy prospects, 
especially in man. 

The possibility of treating human diseases by gene 
therapy has passed in the course of a few years from the 20 
stage of theoretical considerations to that of clinical appli- 
cations. The first protocol applied to man was initiated in the 
United States in September 1990 on a patient who was 
genetically immunodeficient because of a mutation affecting 
the gene coding for adenine deaminase (ADA). The relative 25 
success of this first experiment encouraged the development 
of new gene therapy protocols for various genetic or 
acquired diseases (infectious diseases and especially viral 
diseases such as AIDS or cancers). The great majority of the 
protocols described until now employ viral vectors to trans- 30 
fer and express the therapeutic gene in the cells to be treated. 

The interest in adenoviruses as gene therapy vectors has 
already been touched on in numerous documents of the prior 
art. In fact, the adenoviruses have a wide spectrum of hosts, 
are not very pathogenic and do not have the disadvantages 35 
connected with the retroviruses since they are nonintegrative 
and replicate equally in quiescent cells. By way of 
information, their genome is formed of a linear and double- 
stranded DNA molecule of approximately 36 kb carrying 
regions acting in cis (ITR 5' and 3' encapsidation region of 40 
the viral genome and ITR 3') and additionally about thirty 
genes, at the same time early genes necessary for viral 
replication and late structure genes (see FIG. 1). 

The early genes are divided into 4 regions dispersed in 
the adenoviral genome (El to E4; E for early). They com- 45 
prise 6 transcriptional units which have their own promoters. 
The late genes (LI to L5; L for late) partly cover the early 
transcription units and are, for the majority, transcribed 
starting from the major late promoter MLP. 

At the present time, all the adenoviral vectors used in 50 
gene therapy protocols are devoid of the major part of the El 
region essential for replication, in order to avoid their 
distribution in the environment and the host organism (first 
generation vectors). This deletion makes the viral genome 
deficient for replication. However, the El viruses can be 55 
propagated in a cell line which complements the El function 
to generate an infectious viral particle. The 293 line, estab- 
lished starting from human embryonic kidney cells, is cur- 
rently used, in the genome of which is integrated the left 5' 
end of the type 5 adenovirus (Graham et al., 1977, J. Gen. 60 
Virol. 36, 59-72). 

The majority of adenoviral vectors of the prior art 
comprise supplementary deletiors. Certain of these have 
been introduced in the E3 region with the aim of increasing 
the cloning capacities but do not need to be complemented 65 
to the extent where the E3 region is nonessential for repli- 
cation. More recently, second generation vectors have been 
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proposed in the literature. They conserve the in cis regions 
(ITRs and encapsidation sequences) and comprise important 
internal deletions aimed at suppressing the main part of the 
viral genes whose expression can be responsible for inflam- 
matory responses in the host. In this respect, a minimal 
vector which is deficient for all of the coding viral regions 
represents a choice alternative. 

The techniques of preparation of adenoviral vectors are 
widely described in the literature. Firstly, the complete 
genome is formed by homologous recombination in the 293 
line (see especially Graham et Prevect, 1991, Methods in 
Molecular Biology, Vol. 7, Gene Transfer and Expression 
Protocols; Ed E. J. Murray, The Human Press Inc. Clinton, 
N.J.) or in Escherichia coli (technique described in the 
French Application No. 94 14470). 

It is then necessary to propagate the vector in order to 
form a stock of viral particles containing it. This production 
step is critical and must allow high titers of infectious 
particles to be attained to be able to consider development on 
a large scale with a view to the preparation of clinical 
batches. If the first generation adenoviral vectors can be 
propagated relatively easily in the 293 cell line, the only 
complementation line described to date and capable of 
efficiently expressing El, such is not the case for second 
generation vectors. In fact, according to the same basic 
principle, such a vector must be complemented for the 
essential functions which it cannot express. 

The complementation can be provided "in trans" by the 
cell line employed (designated complementation cell line). It 
is then necessary to have new lines complementing several 
essential viral functions (El and E2, El and E4 or El, E2 
and E4). However, the various attempts carried out until now 
give the impression that the coexpression of several aden- 
oviral regions is potentially toxic, such that the line risks not 
being optimal in terms of growth capacity and yield of viral 
particles, these two criteria being indispensable for indus- 
trial exploitation. 

Another alternative is based on the use of a supplemen- 
tary viral element, called "helper virus" introduced into the 
line at the same time as the adenoviral vector (two- 
component system) At the present time, an adenovirus from 
which the El region has been deleted and which is capable 
of synthesizing the expression products of other adenoviral 
regions is currently used. The co-transfection of such a 
helper virus and of an adenoviral vector in the 293 line 
allows the formation of viral particles. 

However, a major disadvantage of this method is that the 
cells produce a mixed population of viral particles, one type 
comprising the recombinant vector and the other type the 
helper virus. In practice, the preparations mainly contain 
viral particles of helper virus, the contamination being able 
to reach and even exceed 90%. The presence of the helper 
virus is not desirable in the context of a therapy applied to 
man and therefore necessitates the employment of cumber- 
some and costly physical separation techniques, such as 
ultracentrifugation. In addition, this technology is not very 
well adapted to the production of vectors of complex 
structure, such as the second generation vectors, to the 
extent where, very often, the helper virus has a selective 
advantage (more rapid replication). 

The unresolved problem to this day of the production of 
recombinant adenoviral vector particles with a high titer is 
an obstacle to the development of gene therapy. 

A novel helper virus has now been constructed by 
insertion of direct repetitions on both sides of the encapsi- 
dation region. The action of a recombinase recognizing them 
involves the excision of the genetic material situated 
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between them. This deletion does not have any notable 
consequence on the expression of the viral genes but limits 
the encapsidation of the helper virus in a viral particle. Thus, 
the employment of the two-component procedure described 
above in a cell line expressing the recombinase will allow 5 
preparations enriched in adenoviral vector particles of inter- 
est to be produced. 

The present invention follows from the perfection of a 
genetic technique based on the use of recombination 
sequences and of a recombinase to produce mainly the lo 
recombinant viral vector and to limit the contamination by 
the helper virus. The aim of the present invention is to put 
at the disposal of the public a novel helper virus able to 
express the genes which it carries (that is to say capable of 
exercising its function of trans-complementation) but unable 15 
to be propagated in the presence of a recombinase. The 
solution provided by the present invention combines safety 
cf use (preparation enriched in recombinant viral vector), 
simplicity (production in a conventional cell line in the 
presence of recombinase) and efficiency (high titer compat- 20 
ible with industrial needs). It is very particularly adapted to 
the production of second generation adenoviral vectors. 

For this reason the present invention relates to a helper 
virus for the production of a recombinant viral vector 
defective for replication, characterized in that it comprises a 25 
first recombination sequence at 5' and a second recombina- 
tion sequence at 3' of a region essential for the propagation 
of said helper virus; said recombination sequences being 
recognized by a recombinase. 

The term "helper virus" designates a vector able to 30 
trans-complement in full or in part a recombinant viral 
vector defective for replication. It is thus able to produce at 
least one polypeptide, early and/or late, which the recom- 
binant vector cannot produce itself and which is necessary 
for the formation of a viral particle. "In full" signifies that 35 
the helper virus is capable of complementing the whole of 
the viral genome essential for replication of which the 
recombinant viral vector is devoid and "in part" signifies 
that the complementation is limited to a part of the defective 
functions. 40 

In the context of the present invention, a helper virus 
derives from a natural virus such as found in nature as well 
as from a virus whose genome comprises modifications with 
respect to that of the parent virus from which it is descended. 
These modifications can have been introduced in vitro by 45 
genetic engineering techniques. They can be different 
(deletion, mutation and/or addition of one or more 
nucleotides) and localized in the encoding regions of the 
viral genome or outside of these. The modification can, for 
example, allow one or more gene(s) essential for viral 50 
replication to be inactivated with the aim of likewise ren- 
dering it defective that is to say incapable of autonomous 
replication. 

The human adenoviruses of serotype C and, more 
particularly, of type 2, 5 or 7 represent particularly preferred 55 
viruses in the context of the invention. However, it is 
likewise possible to resort to other adenoviruses, especially 
of animal origin (canine, bovine, murine, avian, ovine, 
porcine or simian). It is more particularly possible to men- 
tion the canine adenoviruses CAV-1 or CAV-2, avian viruses 60 
DAV or even bovine viruses Bad of type 3 (Zakharchuk et 
al., 1993, Arch. Virol., 128, 171-176; Spibey and Cavanagh, 
1989, J. Gen. Virol., 70, 165-172; Jouvenne et al., 1987, 
Gene, 60, 21-28; Mittal et al., 1995, J. Gen. Virol., 76, 
93-102). However, it may also be of interest to have a helper 65 
virus derived from a poxvirus (vaccinia virus, fowlpox, 
canarypox . . . ), retrovirus, herpesvirus, cytomegalovirus. 
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adenovirus- associated virus (AAV) or even at a hybrid virus 
comprising fragments of different origin. 

The characteristic of the helper virus according to the 
invention is that it comprises at least two recombination 
sequences inserted at 5' and at 3' of a sequence essential for 
its propagation. An essential sequence designates all or part 
of a viral gene, elements necessary for the expression such 
as a promoter or, in a preferred manner, elements acting in 
cis (ITR, LTR, encapsidation sequence . . . ). By way of 
information, the first and/or second recombination 
sequences can be positioned in the interior or immediately at 
5' and 3' of the essential region up to about several hundreds 
of bp. 

In the sense of the present invention, a "recombination 
sequence" is formed by a nucleic acid sequence (DNA or 
RNA) recognized by a recombinase able to induce a recom- 
bination event. Usually, a recombination sequence has at 
least 10 base pairs (bp), advantageously 15 to 80 bp, 
preferably 20 to 60 bp and, in a very preferred manner, 30 
to 50 bp. According to an advantageous embodiment, a 
helper virus according to the invention comprises two copies 
of an identical or closely similar recombination sequence (at 
least 70% sequence identity and, in a preferred manner at 
least 90%). For this reason we shall talk of sequence 
repetitions. In this respect, the repetition can be reversed (the 
two recombination sequences present in the helper virus 
have a reverse orientation with respect to one another, one 
being in the direction 5' to 3' and the other 3' to 5') or direct 
(same orientation 5' to 3' or 3' to 5'). This second form will 
be preferred. 

The recombination is accompanied by a pairing of the 
recombination sequences, by a cleavage of a target sequence 
at their level and by a ligation of the cleaved ends. The 
enzyme able to promote the recombination is designated 
"recombinase". The recombination between direct repeti- 
tions leads to the excision of sequences between them. On 
the other hand, recombination between reversed repetitions 
involves the reversal of the genetic material located between 
them. 

Generally speaking, the recombination sequences and the 
recombinases are described in the literature accessible to the 
person skilled in the art. They can be of any viral, phagic, 
prokaryotic or eukaryotic origin (yeast, fungus or even 
higher eukaryote). In addition, they can be obtained by the 
conventional molecular biology techniques (cloning, ampli- 
fication by chain reaction (PGR for Polymerase Chain 
Reaction) or by chemical synthesis. 

As preferred examples, mention will be made of loxP 
recombination sequences (described in the identifier of 
sequence SEQ ID NO.: 1), FRT (SEQ ID NO.: 2) and R 
(SEQ ID NO.: 3) recognized by the recombinases CRE, FLP 
and R, respectively (see, for example, the review article 
Kilby et al., 1993, TIG 9, 413^20). 

A helper virus particularly adapted to the present inven- 
tion is derived from the genome of an adenovirus and 
comprises the ITRs 5' and 3', an encapsidation region and at 
least one viral gene selected from the genes of the El, E2, 
E4 and L1-L5 regions and defective in the recombinant 
adenoviral vector as well as a first recombination sequence 
at 5' and a second recombination sequence at 3' of the 
encapsidation region. Preferably, they are formed by loxP 
sequences positioned in the same orientation with respect to 
one another. According to a first variant of interest, the 
encapsidation region can be attenuated (reduced capacity for 
encapsidation) to favor the encapsidation of the recombinant 
viral vector. The attenuation can be obtained by deletion of 
a part of the encapsidation region. The means of attenuating 
an encapsidation region are indicated in the Application WO 
94/28152. 
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According to a second variant of interest, the helper virus 
can include an expression cassette of a recombinase, and 
allowing especially an inducible expression or the produc- 
tion of an inactive recombinase activatable according to 
needs (defined below). The insertion takes place in an 
appropriate region of the helper virus and, preferably, out- 
side of the localized region between the recombination 
sequences. 

According to a particular embodiment intended to 
increase the safety aspect, a helper virus according to the 
invention can comprise a first recombination sequence and 
a second recombination sequence at 5' and at 3' of several 
regions essential to its propagation. For reasons of simplicity 
of employment, the case will be preferred where the recom- 
bination sequences are identical or related so as to be 
recognized by an identical recombinase. 

The present invention likewise relates to a complemen- 
tation cell line comprising a DNA fragment coding for a 
recombinase. It can be generated from various cell lines by 
introduction of appropriate portions of the viral genome and 
of the fragment in question. A line able to complement the 
El and/or E4 function of an adenovirus is more particularly 
preferred. Mention will be made of the lines 293 (Graham, 
1997 supra) and 1653 (described in the Application WO 
94/28152) modified by the introduction of the DNA frag- 
ment coding for a recombinase. 

All the standard means for introducing a nucleic acid into 
a cell can be employed in the context of the present 
invention (synthetic, viral, plasmid vector, naked DNA . . . ). 
Of course, said DNA fragment can be integrated into the cell 
genome or remain in the episome state. For the aims of the 
present invention, it can comprise the elements necessary for 
its expression. These will be, preferably, elements conferring 
an inducible expression in response to an inducer. Such 
elements are known to the person skilled in the art. It is 
possible to mention, by way of information, promoters 
inducible by metals (promoter of the metallothnioneine 
gene), by hormones (promoter comprising elements 
responding to glucocorticoids GRE, to progesterones PRE, 
to estrogens ERE . . . ), by viral inducers (promoter com- 
prising the TRA or RRE sequence responding respectively 
to the TAT or REV protein of the human immunodeficiency 
virus HIV) or by various cellular inducers (promoter com- 
prising the UAS-Gal4 sequence (for Upstream Activating 
Sequence Gal4) responding to Gal4 or the operators of the 
tetracycline bacterial operon responding positively to the 
transtetracycline activator tTA. 

In addition, a DNA fragment in use in the present 
invention codes for a recombinase able to recognize the 
recombination sequences present in a helper virus according 
to the invention. It is preferred to employ a recombinase 
selected from the group formed by CRE, FLP and R. 
However, it is equally possible to resort to a DNA fragment 
coding for a homolog of a recombinase whose sequence is 
modified with respect to the native sequence but exercising 
a similar or improved function. These modifications can 
result from the deletion, addition or substitution of one or 
more nucleotide(s). They can likewise be a hybrid protein 
resulting from the fusion of polypeptides from various 
origins, especially a polypeptide having a recombinase 
activity and the other a linking region. A recombinase 
particularly adapted to the present invention is formed by a 
hybrid protein, designated CRE-ER, resulting from the 
fusion of the recombinase CRE and of the linking region to 
the ligand of the human estrogen receptor; (Metzger et al., 
1995, Proc. Natl. Acad. Sci. USA 92). The latter insofar as 
such is inactive and its biological activity is activated in the 
presence of a hormonal ligand such as estradiol. 
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The invention likewise relates to a process for preparing 
a viral particle comprising a recombinant viral vector, which 
comprises the following steps: 

(a) Preparing a recombinant viral vector deficient for 
5 replication; 

(b) Preparing a helper virus according to the invention; 

(c) Introducing the recombinant viral vector and the 
helper virus into an appropriate cell line; 

10 (d) Culturing said cell line under appropriate conditions to 
allow the production of the viral particle in the presence 
of a functional recombinase able to recognize said first 
and second recombination sequences; and 
(e) Recovering the viral particle in the cell culture. 

15 In the sense of the present invention, a defective recom- 
binant viral vector derives from a virus in the genome of 
which certain sequences have been deleted, rendered 
nonfunctional, mutated or even substituted by other 
sequences and, more particularly, a heterologous DNAfrag- 

20 ment (normally not present in the parent virus). The inser- 
tion takes place in an appropriate region of the viral genome, 
so as to allow its expression in a host cell. A host cell is 
formed by any eukaryotic cell infectable by a viral particle 
containing said recombinant viral vector. 

25 The heterologous DNA fragment in use in the present 
invention can be descended from a eukaryotic organism, 
from a prokaryote or from a virus other than that in which 
it is inserted. It can be isolated by any technique conven- 
tional in the field of the art, for example by cloning, PGR or 

30 chemical synthesis. It can be a fragment of genome type 
(comprising all or part of the whole of the introns), of 
complementary DNA type (cDNA, devoid of intron) or of 
mixed type (comprising all or part of at least one intron). In 
addition, it can code for an antisense RNA and/or a mes- 

35 senger RNA (mRNA) which will then be translated into a 
polypeptide of interest, the latter being able to be (i) 
intracellular, (ii) membranous present at the surface of the 
host cell or (iii) secreted into the external medium. In 
addition, it can be a polypeptide as found in nature (native) 

40 or a portion of the latter (truncated) or equally a chimeric 
polypeptide arising from the fusion of sequences of various 
origins or even mutated and having improved or modified 
biological properties. 

In the context of the present invention, it can be advan- 

45 tageous to use a DNA fragment coding for a cytokine 
(interleukin including IL-2, interferon, colony-stimulating 
factor . . . ), a cell or nuclear receptor, a ligand, a clotting 
factor (factor VII, factor VIII, factor IX . . . ), GFTR protein 
(Gystic Fibrosis Trans-membrane Conductance Regulator), 

50 insulin, dystrophin, a growth hormone, an enzyme (renin 
urease, thrombin . . . ), an enzyme inhibitor (inhibitor of a 
viral protease, al -antitrypsin . . . ), a polypeptide with 
antitumor effect (product of suppressor genes of tumors, 
polypeptide stimulating the immune system . . . ), a polypep- 

55 tide able to inhibit or slow down the development of a 
bacterial, viral or parasitic infection (antigenic polypeptide, 
trans-dominant variant . . . ) an antibody, a toxin, an 
immunotoxin and finally a label (luciferase, p-galactosidase, 
product conferring resistance to an antibiotic . . . ). Of 

60 course, this list is not limiting and other genes can likewise 
be employed. 

Advantageously, the heterologous DNA fragment is 
placed under the control of elements necessary for its 
expression in the host cell. "Necessary elements" designates 
65 all of the elements allowing the transcription of said DNA 
fragment to RNA (antisense RNA or mRNA) and the 
translation of the mRNA to polypeptide. These elements 
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comprise a regulatable or constitutive promoter, which can 
be heterologous or on the contrary homologous to the parent 
virus. It is possible to mention, as examples, the promoter of 
the human or murine PGK gene (Phospho Glycerate 
Kinase), the early promoter of the SV40 virus (Simian 5 
Virus), the LTR of RSV (Rous Sarcoma Virus), the TK 
promoter (Thymidine Kinase) of the HSV-1 virus (Herpes 
Simplex Virus) and the adenoviral promoters ElA and MLR 
The necessary elements can, in addition, include additional 
elements (intron sequence, secretion signal sequence, 
nuclear localization sequence, translation initiation site, 
transcription termination poly A signal . . . ). Although it is 
not a preferred variant, it is indicated that the viral vector can 
likewise comprise a DNA fragment coding for the recom- 
binase. 

It is within reach of the person skilled in the art to generate 
a recombinant viral vector in use in the present invention. He 
will quite certainly know how to adapt the technology as a 
function of the specific data (type of vector, heterologous 
DNA fragment . . . ). According to a preferred variant, the 
vectors capable of being employed in the context of the 20 
present invention are recombinant adenoviral vectors defec- 
tive for all of the viral functions or even all of the functions 
with the exception of E4. Such vectors are described in the 
International Application WO 94/28152. 

A helper virus according to the invention is obtained by 25 
insertion in a viral genome of a first and a second recom- 
bination sequence on both sides of a region essential for 
replication and, preferably, of the encapsidation region, it 
being possible for the latter to be attenuated or nonattenu- 
ated. The person skilled in the art knows the regions 30 
essential for the replication of a virus and is able to carry out 
such a construction by applying the classical techniques of 
molecular biology. According to the variant mentioned 
above, it can likewise comprise a DNA fragment coding for 
a recombinase and, especially, the CRE-ER hybrid. Accord- 35 
ing to a preferential embodiment, a helper virus according to 
the invention and the recombinant viral vector which it 
allows production of derive from the same parent virus and, 
in a very preferred manner, from an adenovirus. 

After the actual construction step, the helper virus and the 40 
recombinant viral vector are introduced into an appropriate 
cell line. All the standard means for introducing a nucleic 
acid into a cell can be used in the context of the present 
invention, for example transfection, electroporation, 
microinjection, lipofection, adsorption and fusion of proto- 45 
plasts. It is indicated that they can be co-introduced 
(concomitant fashion) or introduced separately (the helper 
virus according to the invention previously or subsequently 
to the recombinant viral vector). 

Although any cell line can be employed in the context of 50 
the present invention, a complementation line is especially 
preferred. Recourse will be had to a line of the prior art (293, 
1653 . . . ) when a recombinant viral vector or a helper virus 
comprising the DNA fragment coding for the recombinase is 
employed. On the other hand, when this is not the case, use 55 
will be made of a complementation cell line according to the 
invention. 

After transfection, the cell line is cultured under appro- 
priate conditions to allow the production of viral particles. A 
procedure according to the invention can, in addition, com- 60 
prise an amplification step previous to the culture step in the 
presence of the functional recombinase. The aim of this step 
is to increase the quantities of helper virus and of recombi- 
nant viral vector in order to improve the yields. It can be 
carried out by culture in any permissive line or in the 65 
appropriate line in use in the present invention before the 
addition, expression or activation of the recombinase. 
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This first culture step is followed by a second step carried 
out in the presence of a functional recombinase able to 
recognize said first and second recombination sequences. In 
the context of the procedure according to the invention, this 
recombinase can be added to the cell culture, for example in 
substantially pure form. However, according to another very 
preferred and already mentioned variant, the recombinase is 
produced by one of the constituents of the procedure accord- 
ing to the invention, namely the recombinant viral vector or, 
in a preferred manner, the helper virus or the cell line. Once 
produced in functional form, the recombinase will cause the 
excision of the essential region of the helper virus localized 
between the recombination sequences, with the aim of 
preventing or reducing its propagation. 

In addition, when a recombinase is employed whose 
expression is inducible by an inducer or the CRE-ER hybrid 
protein whose biological activity is dependent on a hor- 
monal ligand, the culture step in the presence of the func- 
tional recombinase is carried out by the addition to the 
culture medium of the inducer or the ligand. 

According to an advantageous embodiment intended to 
increase the safety of a procedure according to the invention, 
the helper virus and the recombinant viral vector are defec- 
tive and can be conversely complemented, in total or in part. 
A variant of interest consists in employing (i) a helper 
adenovirus according to the invention defective for the 
functions El and E4 and comprising the loxP sequences at 
5' and at 3' of the encapsidation region, (attenuated or 
nonattenuated) (ii) a recombinant vector defective for all the 
functions with the exception of E4 and (iii) a 293 cell line 
producing the CRE-ER hybrid recombinase. According to 
another advantageous alternative, a procedure according to 
the invention employs (i) a helper adenovirus according to 
the invention defective for the functions El and E4, com- 
prising the loxP sequences at 5' and at 3' of the encapsidation 
region (attenuated or nonattenuated) and producing the 
CRE-ER hybrid recombinase, (ii) a recombinant vector 
defective for all of the functions with the exception of E4 
and (iii) a conventional cell line 293. 

The viral particles are recovered from the cell culture, 
from the medium or after lysis of the cells. Advantageously, 
a procedure according to the invention comprises an addi- 
tional step of purification of the recombinant viral vector 
particles. Although the choice of the technique is wide and 
within the reach of the person skilled in the art, it is possible 
to mention more particularly ultracentrifugation on a cesium 
chloride or sucrose gradient. 

Finally, the invention likewise relates to a procedure for 
preparing a viral particle comprising a recombinant viral 
vector by means of a helper virus, according to which the 
ratio viral particles of recombinant adenoviral vector to 
those of helper virus is greater than 50%, advantageously 
greater than 60%, preferably greater than 70% and, in a very 
preferred manner, greater than 80%. 

The invention likewise relates to a recombinant viral 
vector particle obtained by a procedure according to the 
invention as well as to a eukaryotic host cell according to the 
invention. Said host cell is advantageously a mammalian 
cell and, preferably, a human cell and can comprise said 
vector in integrated form in the genome or in nonintegrated 
form (episome). It can be a primary or tumor cell of 
hematopoietic (totipotent stem cell, leukocyte, lymphocyte, 
monocyte or macrophage . . . ), muscular, pulmonary, 
tracheal, hepatic, epithelial or fibroblast origin. 

The invention likewise relates to a pharmaceutical com- 
position comprising as therapeutic or prophylactic agent a 
recombinant viral vector particle obtained by a procedure 
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according to the invention or a eukaryotic host cell accord- 
ing to the invention, in combination with a carrier acceptable 
from a pharmaceutical point of view. The composition 
according to the invention is intended in particular for the 
preventive or curative treatment of diseases such as: 5 
genetic diseases (hemophilia, mucoviscidosis, diabetes or 

myopathy, that of Duchene and Becker . . . ), 
cancers, such as those induced by oncogenes or viruses, 
viral diseases, such as hepatitis B or C or AIDS (acquired 
immunodeficiency syndrome resulting from infection 10 
by HIV), and 

recurrent viral diseases, such as viral infections caused by 
the herpesvirus. 

A pharmaceutical composition according to the invention 
can be produced in a conventional manner. In particular, a 15 
therapeutically efficacious quantity of a therapeutic or pro- 
phylactic agent is combined with a carrier such as a diluent. 
A composition according to the invention can be adminis- 
tered by aerosol, locally or even systemically. The routes of 
administration envisagable within the context of the present 20 
invention can be intragastric, subcutaneous, intracardiac, 
intramuscular, intravenous, intraperitoneal, intratumor, 
intrapulmonary, nasal or intratracheal. The administration 
can take place in a single or repeated dose one or more times 
after a certain delay interval. The appropriate route of 25 
administration and the appropriate dose vary as a function of 
various parameters, for example of the individual or of the 
disease to be treated or even of the recombinant gene(s) to 
be transferred. In particular, the viral particles according to 
the invention can be formulated in the form of doses of 30 
between 10"^ and lO"^"^ pfu (plaque-forming units), advanta- 
geously 10^ and 10^^ pfu and, preferably, 10^ and 10^^ pfu. 
The formulation can likewise include an adjuvant which is 
acceptable from a pharmaceutical point of view. 

Finally, the present invention relates to the therapeutic or 35 
prophylactic use of a recombinant viral vector particle 
obtained by a procedure according to the invention or of a 
eukaryotic host cell according to the invention for the 
preparation of a medicament intended for the treatment of 
the human or animal body and, preferentially, by gene 40 
therapy. According to a first possibility, the medicament can 
be administered directly in vivo (for example in an acces- 
sible tumor, in the lungs by aerosol . . . ). It is likewise 
possible to adopt the ex vivo approach which consists in 
taking cells from the patient (stem cells of the bone marrow, 45 
peripheral blood lymphocytes, muscle cells . . . ), in trans- 
fecting or infecting them in vitro according to the techniques 
of the art and in re administering them to the patient. 

The invention likewise extends to a method of treatment 
according to which a therapeutically efficacious quantity of 50 
a recombinant viral vector particle obtained by a procedure 
according to the invention or of a eukaryotic host cell 
according to the invention is administered to a patient 
having need of such a treatment. 

The present invention is described more completely with 55 
reference to the following figures and with the aid of the 
following examples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of the genome of the 60 
human adenovirus of type 5 (represented in arbitrary units 
from 0 to 100), indicating the position of the different genes. 

FIG. 2 is a schematic representation of the pTG4701 
vector in which the left 5' region of the 5 adenovirus is 
modified by the insertion of LoxP direct repetitions on both 65 
sides (in positions 161 and 460) of the encapsidation region 
(psi). 
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FIG. 3 is a schematic representation of the pTG8595 
vector with the El, E3 and E4 regions and comprising an 
expression cassette of the LacZ gene controlled by the MLP 
promoter and a polyA sequence (pA). 

FIG. 4 is a schematic representation of the pTG4707 
vector with the El, E3 and E4 regions and comprising two 
LoxP direct repetitions on both sides of the psi encapsidation 
region. 

FIG. 5 is a schematic representation of the pTG4662 
vector, a recombinant adenoviral vector with the El and E3 
regions and carrying the same LacZ cassette as pTG8595. 

FIG. 6 is a schematic representation of the vector 
pTG4667, a recombinant adenoviral vector with the El, E3 
regions and the ORFs 1 to 4 of E4 deleted and carrying the 
same LacZ cassette as pTG8595. 

FIG. 7 is a schematic representation of the pTG4702 
vector which derives from the above vector by insertion of 
an expression cassette of the CRE-ER hybrid protein 
(indicated ere and hER) in place of that of LacZ. 

EXAMPLES 

The following examples only illustrate one method of 
carrying out the present invention. 

The constructs described below are carried out according 
to the general techniques of gene therapy and of molecular 
cloning, detailed in Maniatis et al., (1989, Laboratory 
Manual, Cold Spring Harbor, Laboratory Press, Cold Spring 
Harbor, N.Y.) or according to the recommendations of the 
manufacturer when using a commercial kit. The cloning 
steps employing bacterial plasmids are carried out in the 
strain Escherichia coli (E. coll) 5K (Hubacek and Glover, 
1970, J. Mol. Biol. 50, 111-127) or BJ5183 (Hanahan, 1983, 
J. Mol. Biol. 166, 557-580). This latter strain is preferen- 
tially used for the homologous recombination steps. The 
techniques of amplification by PCR are known to the person 
skilled in the art (see, for example, PCR Protocols — ^A guide 
to methods and applications, 1990, edited by Innis, Gelfand, 
Sninsky and White, Academic Press Inc.). Being a question 
of the repair of restriction sites, the technique employed 
consists in filling the protruding 5' ends with the aid of the 
large fragment of DNA polymerase I from£. coli (Klenow). 

As far as the cellular biology is concerned, the cells are 
transfected according to the standard techniques well known 
to the person skilled in the art. The calcium phosphate 
technique can be mentioned (Maniatis et al., supra), but any 
other protocol can likewise be employed, such as the DEAE 
dextran technique, electroporation, methods based on 
osmotic shock, microinjection of a selected cell or methods 
based on the use of liposomes. As for the culture conditions, 
they are conventional except when specified. 

In the examples which follow, recourse is had to the 
following cell lines: 

Line 293 derived from embryonic human kidney (Graham 
et al., 1977, supra, which results from the integration 
into its chromosomes of the 5' end of the genome of 
Ad5 (ITR5', encapsidation sequence and El region) 
(available at the ATCC under reference 1573). 
Line TG1653 (described in the International Application 
W094/28152, Example 8) which derives from the line 
293 transformed in a stable manner by the plasmid 
pTG1653 carrying the E4 region of Ad5 (nt 32800 to 
35826) and the expression cassette of the pac 
(Puromycin Acetyl Transferase) puromycin resistance 
gene (Morgenstern and Land, 1990, Nucleic Acids Res. 
18, 3587-3596). 
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It is understood that other cell lines can be used. 

In addition, the fragments of adenoviral genome 
employed in the different constructs described below are 
indicated precisely according to their positions in the nucle- 
otide sequence of the genome of Ad5 such as disclosed in the 5 
Genebank databank under the reference M73260. 

Example 1 

Formation of a Helper Virus 

This example describes the construction of an adenoviral 
helper virus defective for the functions El and E4 and 
comprising an loxP recombination sequence positioned on 
both sides of the encapsidation region. 

The loxP sequence is carried by the oligonucleotides 
OTG6374 and oTG6522 (SEQ ID NO: 4 and 5). These are 
reassociated and then introduced into the Hindlll site of the 
p poly II vector (Lathe et al., Gene 57, 193-201) to give 
pTG4691. 

... 20 

The vector pTG8343 arises from the insertion in the p 
poly II vector of a part of the 5' end of the adenoviral 
genome, namely the sequences extending from the nucle- 
otides (nt) 1 to 458 and 3323 to 5788. This is linearized by 
Sail and ligated with the Sall-Xhol fragment isolated from ^5 
pTG4691 carrying the loxP sequence. pTG4695 is obtained, 
which comprises an loxP sequence in position 450 of the 
adenoviral genome or at 3' of the encapsidation region. A 
second loxP sequence is cloned in the form of a Smal-PvuII 
fragment purified of pTG4691 in the preceding vector 
linearized by Aflll (position 161) and treated with Klenow. 
The pTG4701 vector thus obtained comprises two direct 
loxP repetitions surrounding the psi encapsidation region 
(FIG. 2). 

The modified encapsidation region is exchanged for its 35 
genomic homolog by the technique of homologous recom- 
bination. To this end, the E. coli strain is co-transformed 
with the Bgll fragment of pTG4701 and the pTG8595 vector 
(FIG. 3) digested by Clal. The latter is a recombinant 
adenoviral vector with the El (nt 459-3328), E3 (nt 40 
28592-30470) and E4 (nt 32800-35826) regions deleted 
and comprising an expression cassette of the LacZ gene 
under the control of the MLP promoter in place of the El 
region. The recombined vector is designated pTG4707 (FIG. 
4). After transfection in the TG1653 complementation line 45 
(El"^, E4"^) and amplification, the Ad TG4707 viruses are 
purified on a cesium chloride gradient so as to form a viral 
stock titrating approximately 2x10^ pfu/ml. 

Example 2 

Construction of a Recombinant Adenoviral Vector 
Producing a Recombinase 

This example describes the construction of an adenoviral 
vector expressing the CRE-ER hybrid protein. In the 55 
absence of estrogen, the latter is produced in an inactive 
form but in the presence of the hormone, it adopts an active 
conformation. The adenoviral vector is devoid of most of the 
El and E3 regions and of the part of the E4 region other than 
the ORFs 6 and 7 (Open Reading Frame). The expression of 60 
these two genes is sufficient to assure the E4 function 
without necessity for complementation (Ketner et al., 1989, 
Nucleic Acids Res. 17, 3037-3048). Two types of vectors 
have been constructed. In the first (pTG4708), the CRE-ER 
gene is placed under the control of the SV40 promoter 65 
although in the second (pTG5630), it is directed by the CMV 
promoter. 
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In the first place, the pTG653 vector carrying the E4 
region of Ad5 (nt 32800 to 35826; see WO 94/28152), is 
digested by Avrll and Bglll and then treated by Klenow 
before being religated on itself. pTG4660 which carries an 
expression cassette of the ORFs 6 and 7 under the control of 
the homologous promoter E4 is obtained. This is introduced 
into an adenoviral vector by homologous recombination. To 
this end, the vector pTG4662 (FIG. 5) is chosen which 
comprises the ITR 5' and the encapsidation sequences (nt 1 
to 458), an expression cassette of the LacZ gene in the place 
of the El region and the remaining adenoviral sequences 
with the E3 region (nt 3329 to 27870 and 30749 to 35935) 
deleted. The E. coli BJ strain is co-transformed by the 
FspI-MunI fragment descended from pTG4660 and 
pTG4662 digested by Swal. This recombination event 
allows pTG4667 (FIG. 6) to be generated, in which the 
cassette ORFs 6 and 7 replace the E4 wild region. 

A. Construction of the pTG4708 Vector 

In parallel, the expression cassette of the CRE-ER hybrid 
recombinase is isolated from the pCre-ER vector (Metzger 
et al., 1995, supra) in the form of a Sail fragment and cloned 
in the vector pTG8343 previously linearized by this same 
enzyme. pTG4699 and pTG4700 which differ by the orien- 
tation of the cassette are obtained. 

The vectors pTG4702 (FIG. 7) and pTG4703 are obtained 
by homologous recombination between a purified SgrAI- 
BstEII fragment of pTG4699 and pTG4700 respectively and 
the adenoviral vector pTG4667 linearized by Clal. They 
carry the CRE-ER expression cassette (different orientation 
for each of them) in place of the El region and are devoid 
of the E3 region and of the ORFs 1 to 4 of E4. They are 
transfected in the 293 and 1653 cells so as to ensure that the 
expression of the recombinase is not toxic to cell growth and 
to viral multiplication. 

The construction of an aderioviral vector, in addition, 
defective for the E2 region can be carried out starting from 
previous constructs by treatment with the AscI enzyme and 
religation. The clones are isolated which have reintegrated 
the AscI fragment but in opposite orientation with respect to 
the parent vector. The candidates can be determined by 
simple enzymatic digestion with enzymes whose sites are 
present on the fragment, for example BamHI and are des- 
ignated pTG4708. The aim of this reversal of the orientation 
is to interrupt the transcription units coding for E2A, the 
polymerase and the hexon and to render the E2 function 
defective. It is equally possible to introduce deletions of all 
or part of the E2 region. 

B. Construction of the pTG5630 Vector 

The vector pTG4667 is digested by the SnaBI enzyme and 
then religated. The vector pTG5613 similar to pTG4667 is 
selected except for thae reversal of the adenoviral fragment 
SnaBI (positions 10307 to 25173) covering a large part of 
the coding sequences of the E2 region. This reversal allows 
a defective virus to be generated which is incapable of 
producing the functional expression products of E2. 

In addition, the sequences coding for CRE-ER are iso- 
lated by EcoRI digestion and treated by Klenow before 
being introduced upstream of the CMV promoter, giving rise 
to pTG5625. The vector pTG5630 is obtained by homolo- 
gous recombination between the PacI-BstEII fragment iso- 
lated from pTG5625 and the vector pTG5617 linearized by 
Clal. pTG5630 is defective for the El and E2 functions, with 
the major part of E3 deleted, and carries the "CMV — CRE- 
ER promoter" cassette in place of El in reverse orientation 
with respect to the 5' ITR. 
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Example 3 

Procedure for Preparation of Viral Particles of an 
Adenoviral Vector by the System CRE and loxP 

A. Employment of the Vector pTG4708 and the Helper 
pTG4707 

In this example, the following are used: 

(1) an adenoviral vector (pTG4708) defective for all of the 
adenoviral functions with the exception of E4 and carry- 
ing the sequences coding for the recombinase CRE-ER, 

a helper virus (pTG4707) defective for the functions El, E3 
and E4 and containing two loxP direct repetitions placed 
on both sides of the encapsidation region, and 

the 293 complementation cell line complementing the El 
function. 

The vectors pTG4707 and pTG4708 are co-transfected in 
293 cells and cultured at first in a conventional medium not 
containing estrogen. The viral particles can be formed in the 
cells which comprise the two vectors since they are mutually 
complementary. In fact, the E2 proteins are produced from 
the helper virus, the E4 proteins from the adenoviral vector 
and the El proteins are supplied by the cell line. In addition, 
the CRE-ER hybrid protein is produced in its inactive form 
since the culture medium is not supplemented by hormone 
such that the genome of the helper virus is able to be 
encapsidated. The plaques thus produced contain a mixed 
population of virus, one part containing the genome of the 
adenoviral vector and the other part that of the helper virus. 
This step allows an amplification of the quantity of virus 
with the aim of improving the titers. 

The step of selective production of the particles of aden- 
oviral vector is carried out by introducing into the culture 
medium estradiol according to the conditions detailed in 
Metzger et al. (1995, supra). The presence of estradiol will 
allow the CRE-ER recombinase to be activated which, once 
functional, is able to induce a recombination event between 
the loxP sequences. The viruses generated under these 
conditions are purified, the DNA is isolated and the deletion 
of the encapsidation region verified either by enzymatic 
digestion or hybridization with an appropriate probe 
complementary to that according to the technology of South- 
ern. 

B. Employment of the Vector pTG5630 and of the Helper 
pTG4707 

2.5 to 5 /ig of pTG5630 vector are transfected in the 293 
line under the conventional conditions. The following day 
the transfected cells are superinfected by the helper virus 
AdTG4707 at a rate of approximately 0.04 pfu/cell and 
cultured in a DMEM medium depleted of Phenol Red (the 
latter being capable of having an estrogenic activity). Two 
conditions for culture were studied in parallel: medium 
supplemented by y-estradiol (Sigma; E4389) at a concen- 
tration of 10"^ and 10"^ M after the third passage and 
nonsupplemented medium. The cell culture is harvested at 4 
days post-infection and a part of the harvest amplified by 
successive passages over fresh 293 cells. The other part is 
preserved for the viral DNA analyses. A significant differ- 
ence is observed in the state of the cells according to the 
culture conditions. In fact, the cytopathy is less pronounced 
in the presence of estradiol than in its absence, this counting 
from the third passage, which allows a difference to be 
shown at the level of viral production. 

In order to verify this point, the DNA of the viruses 
produced during the four first passages is isolated from an 
identical volume of culture, digested by the enzyme Muni 
and analyzed by Southern with the aid of a radioactive probe 
complementary to a sequence upstream of the E4 region. 
After hybridization, an Muni fragment of 1.7 kb is visual- 
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ized in the case of the viruses descended from the pTG5630 
vector and a Muni fragment of 1.1 kb in the case of the 
AdTG4707 helper viruses. These conditions allow the rela- 
tive quantity of virus of interest and helpers generated in 

5 each amplification cycle to be seen. 

Under the conditions where the CRE-ER recombinase is 
inactive (in the absence of estrogen), a simultaneous ampli- 
fication of the two types of virus is observed showing itself 
by a more and more intense signal in proportion to the 

10 passages. On the other hand, when the culture medium is 
supplemented by estradiol, the signal corresponding to the 
helper virus decreases although that specific for AdTG5630 
increases with each passage. These results indicate that the 
activation of the recombinase is accompanied by a prefer- 

15 ential amplification of the virus of interest. 

The excision of the encapsidation region of the helper 
virus is demonstrated by Southern analysis on the viral DNA 
preparations digested by the enzyme Aflll and employing a 
specific probe of the encapsidation region hybridizing to a 

20 fragment of 3.7 kb in the case of the AdTG5630 virus and 
to a fragment of either 800 bp in the case of the complete 
helper virus or 400 bp in the case where the encapsidation 
sequences bordered by the loxP sites are excised. 

The intensity of the signal corresponding to the fragment 

25 of 3.7 kb increases in proportion to amplification cycles 
whatever the culture conditions although that corresponding 
to the 800 bp fragment only increases in the absence of 
estradiol. On the other hand, in the presence of the hormone, 
the signal corresponding to the helper virus grows weaker. 

30 With high exposure, it is possible to demonstrate a band at 
400 pb indicating that the encapsidation region of the helper 
viruses is excised by the action of the recombinase. 

In their entirety, these results show that the CRE-LoxP 
system can be adapted to the adenoviruses to reduce the 

35 contamination of the adenoviral preparations by the helper 
virus. 

Example 4 

40 Formation of a Stable Line Expressing the CRE-ER 
Hybrid Recombinase 

The pCre-ER vector is transfected, in a conventional 
manner, in the 293 cells at the same as a selection vector (for 
example pRC-CMV conferring resistance to commercially 
available neomycin (Invitrogen), pTG1643 conferring resis- 
tance to puromycin described in WO 94/28156). After 
transfection, the cells are cultured in selective medium 
containing the antibiotic and the resistant clones (designated 
293/CRE-ER) are isolated and are tested for their capacity to 

^'^ produce an adenoviral vector. 

The same technology is used to generate a 1653 line 
(complementing the adenoviral functions El and E4) 
expressing the CRE-ER gene product. 

55 The 293/CRE-ER cells thus generated are co-transfected 
by the pTG4707 helper virus and a recombinant adenoviral 
vector defective for all the functions with the exception of 
E4 (such as those described in WO 94/28152) and then 
cultured in a conventional medium so as to generate a mixed 

gQ and amplified population of viral particles. After a certain 
time, the culture medium is replaced by a medium contain- 
ing estradiol in order to produce the recombinase in its active 
form and to prevent the production of AdTG4707 viral 
particles. 

65 The 1653/CRE-ER line will be useful for the preparation 
of vectors defective for all of the essential functions (see 
WO 94/28156). The technology employed is comparable to 
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that described above, namely: co-transfection by the 
pTG4707 helper virus and a minimum recombinant aden- 
oviral vector, culture in selective medium which is not 
supplemented by estradiol for a sufficient time and then 
addition of the hormone to the culture medium and recovery 5 
of the viral particles produced. 
What is claimed is: 

1. A process for preparing an adenoviral particle com- 
prising a recombinant adenoviral vector, which comprises: 

(i) preparing a recombinant adenoviral vector deficient for 
replication; 

(ii) preparing a helper vector which complements in trans 
said recombinant adenoviral vector deficient for repli- 
cation and which comprises a first recombination 
sequence 5' and a second recombination sequence 3' of 
a region essential to the propagation of said helper 
vector, wherein said recombination sequences are rec- 
ognized by a recombinase; 

(iii) introducing the recombinant adenoviral vector and 
the helper vector into a permissive or an appropriate 20 
cell line wherein said cell line does not constitutively 
produce active recombinase; 

(iv) culturing said introduced cell line under appropriate 
conditions to increase the quantities of said helper 
vector and of said recombinant adenoviral vector; 25 

(v) culturing said introduced cell line under appropriate 
conditions to allow the production of the viral particle 
in the presence of an active recombinase able to rec- 
ognize said first and second recombination sequences; 
and 30 

(vi) recovering the adenoviral particle in the cell culture; 
wherein said helper vector, said recombinant adenoviral 
vector, or said cell line comprises a DNA fragment coding 
for a recombinase and elements for its expression; and 
wherein said elements confer an inducible expression in 35 
response to an inducer, or said recombinase is expressed in 

an inactive form and is activated in the presence of a ligand, 
or both. 

2. The process of claim 1, wherein said region essential to 
the propagation of said helper vector is the encapsidation 40 
region. 

3. The process of claim 1, wherein said helper vector 
comprises ITRs 5' and 3', an encapsidation region and at 
least one viral gene selected from the group consisting of El, 
E2, E4 and L1-L5 regions of an adenovirus genome. 45 

4. The process of claim 1, wherein said recombinant 
adenoviral vector deficient for replication is defective for the 
El and/or E4 functions. 

5. The process of claim 1, wherein said recombinant 
adenoviral vector deficient for replication is defective for all 50 
of the adenoviral functions, except the left and right ITR 
regions and the packaging region. 

6. The process of claim 1, wherein said recombinant 
adenoviral vector deficient for replication is defective for all 

of the adenoviral functions with the exception of E4 func- 55 
tions. 

7. The process of claim 1, wherein said recombinase is 
selected from the group consisting of CRE, FLP and R. 

8. The process of claim 1, wherein said recombinase is a 
hybrid protein resulting from the fusion of a polypeptide 60 
sequence having a recombinase activity with a linking 
region which can be recognized by a ligand. 

9. The process of claim 1, wherein said cell line is a cell 
line complementing an adenoviral vector deficient for rep- 
lication. 65 

10. The process of claim 1, wherein said cell line com- 
prises a DNA fragment, coding for a recombinase which is 
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a hybrid protein resulting from the fusion of a polypeptide 
sequence having a recombinase activity with a linking 
region which can be recognized by a ligand. 

11. The process of claim 1, wherein said first and second 
recombination sequences are in the same orientation. 

12. The process of claim 1, wherein said first and second 
recombination sequences are in the reverse orientation. 

13. The process of claim 1, wherein said first and second 
recombination sequences are selected from the group con- 
sisting of loxP, FRT and R. 

14. The process of claim 1, wherein the inducer is added 
in step (vi). 

15. The process of claim 1, wherein the recombinant 
adenoviral vector and the helper vector are co-introduced 
into said permissive cell line or an appropriate cell line in 
step (iii). 

16. The process of claim 1, wherein said helper vector is 
deficient for replication. 

17. The process of claim 2, wherein said encapsidation 
region is attenuated. 

18. The process of claim 17, wherein said attenuation is 
obtained by deletion of a part of said encapsidation region. 

19. The process of claim 16, wherein said helper vector 
comprises an adenovirus genome devoid of all or part of El 
and/or E4 regions. 

20. The process of claim 4, wherein said recombinant 
adenoviral vector deficient for replication lacks ORFs 1 to 4 
of E4 region. 

21. The process of claim 8, wherein said recombinase is 
inactive in the absence of said ligand. 

22. The process of claim 8, wherein said polypeptide 
sequence having a recombinase activity is CRE. 

23. The process of claim 8, wherein said linking region is 
the linking region of the human estrogen ER. 

24. The process of claim 8, wherein said recombinase is 
a hybrid recombinase CRE-ER, said first and second recom- 
bination sequences are lox and said ligand is estradiol. 

25. The process of claim 8, wherein the ligand of the 
linking region is added in step (vi). 

26. The process of claim 9, wherein said cell line is a 293 
cell line. 

27. The process of claim 9, wherein said cell line is a cell 
line complementing an El and/or E4 function of said 
adenoviral vector defective for replication. 

28. The process of claim 10, wherein said recombinase is 
inactive in the absence of said ligand. 

29. The process of claim 10, wherein said polypeptide 
sequence having a recombinase activity is CRE. 

30. The process of claim 10, wherein said linking region 
is the linking region of the human estrogen ER. 

31. The process of claim 10, wherein the ligand of the 
linking region is added in step (vi). 

32. A process for preparing an adenoviral particle com- 
prising a recombinant adenoviral vector, which comprises: 

(i) preparing a recombinant adenoviral vector deficient for 
replication; 

(ii) preparing a helper vector which complements in trans 
said recombinant adenoviral vector deficienti for rep- 
lication and which comprises a first recombination 
sequence 5' and a second recombination sequence 3' of 
a region essential to the propagation of said helper 
vector, wherein said recombination sequences are rec- 
ognized by a recombinase; 

(iii) introducing the recombinant adenoviral vector and 
the helper vector into a permissive or an appropriate 
cell line wherein said cell line does not constitutively 
produce active recombinase; 
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(iv) culturing said introduced cell line under appropriate 
conditions to increase the quantities of said helper 
vector and of said recombinant adenoviral vector; 

(v) culturing said introduced cell line under appropriate 
conditions to allow the production of the viral particle ^ 
in the presence of an active recombinase able to rec- 
ognize said first and second recombination sequences; 
and 

(vi) recovering the adenoviral particle in the cell culture; 
wherein said recombinase is added to the cell culture in step '^^ 

33. The process of claim 32, wherein said recombinase is 
added in substantially pure form. 

34. A process for preparing an adenoviral particle com- 
prising a recombinant adenoviral vector, which comprises: 

(i) preparing a recombinant adenoviral vector deficient for 
replication; 

(ii) preparing a helper vector which complements in tans 
said recombinant adenoviral vector deficient for repli- 20 
cation and which comprises a first recombination 
sequence 5' and a second recombination sequence 3' of 
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a region essential to the propagation of said helper 
vector, wherein said recombination sequences are rec- 
ognized by a recombinase; 

(iii) introducing the recombinant adenoviral vector and 
the helper vector into a permissive or an appropriate 
cell line wherein said cell line does not constitutively 
produce active recombinase; 

(iv) culturing said introduced cell line under appropriate 
conditions to increase the quantities of said helper 
vector and of said recombinant adenoviral vector; 

(v) culturing said introduced cell line uncer appropriate 
conditions to allow the production of the viral particle 
in the presence of an active recombinase able to rec- 
ognize said first and second recombination sequences; 
and 

(vi) recovering the adenoviral particle in the cell culture; 
wherein the ratio of viral particles comprising a recom- 
binant adenoviral vector to those containing the helper 
vector in the cell culture is greater than 50%. 
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ABSTRACT Numerous examples now 
exist in plants where the insertion of muJ- 
tiple copies of a transgene leads to loss of 
expression of some or all copies of the 
transgene. Where the transgene contains 
sequences homologous to an endogenous 
gene, expression of both transgene and 
end(»genous gene is sometimes found to be 
hnpaired. Several examples of these phe- 
nomena displaying di£ferent features are 
reviewed. Possible explanaUons for the 
observed phenomena are outlined, draw- 
ing on known cellular processes hi Dro- 
sophila, fungiy and mammals as well as 
plants. It is hypothesized that duplicated 
sequences can, under certain circum- 
stances, become hivolved in cycles of hy- 
brid chromatin formation or other pro- 
cesses that generate the potential for mod- 
ification of inherited chromatin structur^! 
and cytoshie methylation patterns. These^f 
epigenetic changes could lead to altered:^ 
transcription rates or altered efiGdencies 
of mRN A maturation and export from the 
nucleus. Where the loss of gene expression 
Is posttranscriptional, antisense RNA 
could be formed on accumulated, mefli- 
ciently processed RNAs by an RNA- 
dependent RNA polymerase or from a 
chromosomal promoter and cause the ob- 
served loss of homologous mRNAs and 
possibly the modification of homologous 
genes. It is suggested that the mechanisms 
evolved to help silence the many copies of 
transposable elements in plants. Multi- 
copy genes that are part of the normal gene 
catalog of a plant species must have 
evolved to avoid these silencing mecha- 
nisms or their consequences. 



questions for all those wishing to exploit 
transgenic plants in research laborato- 
ries, industries, or agriculture; and (Hi) 
they have opened up avenues of research 
in plant biology, including the means of 
making mutants. 

The series of reports that established 
the phenomenon were published from 
1989 to 1991, some 7 years after the first 
series of publications announcing the 
production of transgenic plants (but see 
refs. 1 and 2). Prominent early publica- 
tions were those that showed that inser- 
tion of an additional copy of a chalcone 
synthase or dihydroflavonol-4-reductase 
gene into petunia plants led to the sUenc- 
ing in many but not all the transgenic 
plants of the inserted gene^nd its endog- 
enous homologues (3-5). The coordinate 
, ^?n?jp,fiCrt»e#an^ and. tjtie&ii^l- 
r ogbus endbgenous^gghe^pvt^^^ 
term "cosuppressi6n":{3;.^); 

Chalcone synthase facilitates the con- 
version of coumaryol CoA and 3-malonyI 
CoA to chalcone in the pathway of an- 
thocyanin pigment biosynthesis. One 
gene of the small multigene family of 
chalcone synthase in petunia is especiaUy 
active in petunia flowers, where pigment 
production in the corolla and anthers is 
substantial. After insertion of the chal- 
cone synthase gene under the control of 
th#'constitutive" cauliflower mosaic vi- 
ms (CaNiV) 35S |>romoter, up to 50% of 
the transgenic plants with the new gene 
showed sectors of reduced or no antho- 
cyanin pigment in the flowers, and in 
some plants the flowers were completely 



Frequently, when unexpected phenom- 
ena are observed they are ignored, then 
timidly explored and discussed, and only 
later published and debated with firm 
conviction in a more co|ierent frame- 
i?S.teJ^M^«l t^e third? 
I phase fof !fec?&nex^&gfi^^ 
I J^ociated with the spehcing of j^^^^^^ 
copies'^ig^iehes insertied into plants and 

^W^^^"^^* The discoveries are ex- 
tremely important because (/) they reveal 
previously unrecognized facets of the 
control of gene expression except as rare 
isolated instances; (//) they raise serious 



vWhitf^ (3), This lack of pigment is Qorr?- 
Ilatedpith very low levels of n^S^fiSn 
the newly inserted and the endogenous 
copies of the chalcone synthase genes. In 
a similar but not identical series of plants 
Mol and coworkers (6, 7) found from 
^ puclear *'run on'' experiments that.|Sa; 
scent RNA transcription is unaffect^f I 
have confirmed this (unpublished data). 

In some plants whose flowers are white 
due to the inserted chalcone synthase 
gene, occasional branches occur with 
purple flowers or flowers with purple 
sectors. All the flowers on such a branch 
are usually very similar in pattern com- 
pared with the flowers on other branches 
of the plant. Thus, it can be concluded 
that a somaticaUy inherited change of 



state of the transgene has occurred in this 
branch and, in some cases, during for- 
mation of the meristem of the branch. 
The occurrence of such epigenetic 
changes during plant or flower develop- 
ment emphasizes that the silencing phe- 
nomenon is reversible and can be under 
developmental control (5, 8). The new 
phenotype of a flower (and of the branch 
containing the flower) can be inherited (9) 
through sexual reproduction and seed 
development/germination. Many differ- 
ent **states'' of transgene activity in co- 
suppression are possible based on the 
variety of flower pigmentation patterns 
arising in isogenic progeny. The patterns 
of floral pigmentation imply that the ca- 
pacity of the transgene to cause suppres- 
sion is subject to developmental influ- 
ences. 

This example illustrates many of the 
features of cosuppression but many other 
examples are now known in six plant 
species wher| gene inactivation results 
fix)m the i^^ 

qtieftciB^lfeviewed in rej^^'IS^iT^ll); 
Some of these are noted below. 

Tomato plants transformed with a 
truncated gene encoding part of polyga- 
lacturonase under the control of the 
CaMV 35S promoter showed only low 
levels of endogenous polygalacturonase 
mRNA in ripening fruit where it is nor- 
mally highly induced. Transcripts of the 
transgene were similarly reduced but 
only in fruit (12). Thus, transcription of 
both genes may be essential for mutual 
inhibition. Degraded RNA products from 
both genes were found in cosuppressed 
fiuit, suggesting that RNA transcription 
is not inhibited aiid- tKEfefof^^^^ 

^^]^^^|uifTidVer. • " ' ■ 

Multiple copies of transgenes can in- 
teract to cosuppress eacli other (13, 14). 
Some Arabidopsis thaliana plants carry- 
ing multiple closely hnked copies of the 
hygromycin phosphotransferase gene 
lost resistance to hygromycin during de- 
velopment (14). This multicopy locus 
also suppressed active copies of the same 
gene at another locus introduced by 
crossing two strains. The cosuppression 

Abbreviations: CaMV, cauliflower mosaic vi- 
rus; SAR, scaffold attachment region. 
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c^ld reversed by separating the loci 
by idpiUttfil^ results suggested 
that tlie initial silencing of the multiple 
inserts at one Iocus» as well as the silenc- 
ing/activation of the genes in different 
loci, ^.the^ rapscMi sc- 
quenci^i^ KdAiologyr^p^diin^^ 
tlons. 

Similar results were found when a por- 
tion of the nopaline synthase gene under 
the conUt)! of the CaMV 35S promoter 
was introduced into tobacco i^ts al- 
ready containing wild-type nopaline syn- 
thase genes (15). All progeny containing 
both introduced genes expressed no no- 
paline synthase activity. The lack of no- 
paline synthase activity was dependent 
on the presence of the portioii of the 
nopaline synthase gene in the genes in- 
troduced second. When the wild-type 
nopaline synthase gene was segregated 
away from the duplicated nopaline syn- 
thase sequence its activity was fully or 
partially restored in most plants. How- 
evcr» suppression of activity was not 
correlated with methylation of cytosines 
in the promoter as found in other cases (2- 
16). 

Vaucheret (17) has described an exam- 
ple of a transgene inserted into tobacco 
that contains a chimeric gene of nitrite 
reductase in the antisense direction un- 
der the control of the CaMV 35S pro- 
moter linked to a sequence encoding neo- 
mycin phosphotransferase under the con- 
trol of the CaMV 19S promoter. No 
expression of either gene could be de- 
tected and this transgene complex sup- 
presses any gene under the control of the 
19S and 35S promoter inserted by sexual 
crossing. Thus, the transgene complex is 
a strong cosuppressor of genes contain- 
ing related sequences. Cosuppression 
was stable but not observed untO tran- 
sient expression of newly introduced 
tran^erred DNA (T-DNA) had subsid- 
ed— hI.c., cosuppressioo probably is a 
f postintegration event (but see ref. 16). 
I Ninety base pairs of homology in pro- 
« moter sequences were sufficient to create 
^a cosuppressed condition. 

These kinds of results help explain and 
were reinforced by other examples in 
which transgenes present in one copy in 
a plant were much moro active than 
transgenes present in two or more copies 
(1, 16, 18-21). 

In another well-investigated example, 
transgenic tobacco plants were created 
that contained two introduced genes, each 
conferriog resistance to a different antibi- 
otic (2, 22-25). The coding sequences of 
the two genes were unrelated in sequence 
but they had a comnum promoter con- 
tained in two cqnes of 300 bp takes from 
the nopaline synthase gene ofAgwtacte- 
film tumrfaciens. One gene was intro- 
duced at the &a tiansformation step and 
the other was introduced at a second 
transformation step. Double transform- 
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ants were produced readily but, surpris- 
ingiy, in 15% of the double transfonnants 
the phenotype of the gene conferring ka- 
namycin resistance (introduced first) was 
lost after introduction ct die second gene 
conferring hygromyctn resistance. In this 
case though, in contrast to the previously 
mentioned examples, there was no cosup- 
pressim in that the plants that had lost 
Icanamydn resistance retained hygromy- 
cin resistance. (This could have been the 
resuh of selection for hygromyctn resis- 
tance in the seccmd transformation step.) 
Loss of kanamydn resistance was accom- 
paiiied by methylation of specific CpG 
residues in its nopaline synthase promoter 
sequence. The dependence of the trans- 
inactivation on the second gene encoding 
hygromycin resistance was illustrated by 
at least partial reactivation of the kanamy- 
cinrresistance gene and loss of cytosine 
methylation in its promoter when the hy- 
gromycin gene was segregated away fiom 
the kanamycin-resistance gene. 

When the antibiotic-resistance trans- 
genes were combined by sexual crossing, 
instead of by tran^onnation, similar tn- 
acdvation of the kanamycin-resistance 
phenotype in the presence of the hygro- 
myctn-resistance gene was reconled, thus 
eliminating the possibility that physiolog- 
ical states peculiar to the transformatton 
procedures were the cause of kanamycin 
gene inactivation. Independently inte- 
grated kanamycin-resistant transgenes 
whose activity could not be suppressed by 
specific hygromycin-resistance trans- 
genes introduced by a second transforma- 
tion event also could not be inactivated by 
the bringing together of the two intro- 
duced genes by sexual crossing. Different 
transgene combinations produced no, par- 
tial (unstaUe), or complete (stable) trans- 
inactivation of kanamycin resistance. 
These results imply that the ability to 
trans-inactivate or to be trans-inactivated 
is defined by the state of the gene lod, 
mchiding possibly their position in the 
chronmome and/or in the nucleus. Of 
special interest is the observation that in 
soine plants homozygous for kanamycin- 
resistance genes, complete somatically 
stable trans-inactivation of kanamycin re- 
sistance occurred more readOy than in 
l^ants heterozygous for the kanamycin- 
resistance genes (see also ref. 2Q. 

Assessment of aH these examples indi- 
cates that cosuppression and trans* 
inactivation of genes are dependent on 
sequence homcrioey, can be eiHgenetically 
reversible, break down to varimis extents 
wteo the homologiMis loci are se^^r^ated 
away from one another, are sometimes 
dq)endent on ttanscrq^km or a promoter, 
are sosse&ses under dsvdopsssst:d con 
trol, dk> not occur with an copies of trans- 
genes, and are sometimes associated with 
chaoges in the cytosine mell^ttCHi pu- 
tern <rf genes. In some exaiQples» the 
inactivation is recqirocsd— i.e., aO copies 



are iimtivated wink inmmmim 
copy is waccivated. Hommem l^ 

uvcly than henuzygQi|9 tmmm. toss 
of gMie expression appears U> be due lo 
inhibition of transcription in soine OMies 
ami d^gr^Oil 9f ^^ip^^^^ 
Plejoraofpi^^ 
to be expj^in;^.'- •'' :-r-'B^^^B^^00' 
The exaiiiiple^ mo0^l^inci^ic 
emerged from recent res^jpi-^^te^^ 
traiisecncs. Ho>rove^:t^^ 
allehc interactions le^u^ 
states of endc^enous j^nes 
which are inherite<4,;baye; f^n IokI^^^^ 
plants for a long time (?uil).; Tljt^ 
amples include paramutatibn, in^wihicih 
one special allele (the piaramuta|ylel^^ 
is converted to a state of sK^ti^^^ 
played by the other allele (the p^piAu^- 
genic allele). The new state is inherited 
but is often epigeneticaily unstaibfe sind 
may revert after the paranmtabl^ allele 
has been separated from the |>aramuta- 
genic allele in progeny segregation (27- 
29). 

Studies of the locus in maize, which 
confers pigmentation in the aleurone 
layer of the seed, have shown that para 
mutable alleles are inherently uh^taUe 
even in the absence of a paramutagenic 
allele. This suggests that gene sthictiro is 
an important element of the potential to 
interact with a homologous allele. The 
developmental stage when the genetic 
change occurs and the subsequent stabil- 
ity of the paramutated allele also differ 
from one |>aramutable alkie to another 
(29). Meyer et al (30) discovered para- 
mutagenic-like versions of the maize Al 
gene inserted into petunia under the con- 
trol of the CaMV 35S promoter. ^>ige- 
netic variants of an unstable transgene 
were characterized. One homozygous 
variant had lost A7 gene exfiression; both 
copies were hypermethylated in theu* 
{uomot^ region and showed |>aramuta- 
genie behavior that led to a permanent f>r 
temporary inactivation of wl/ gene ex- 
pression in heterozgyotes widi other Al 
transgene alleles. This inactivation cor- 
related with hypennethylation of both 
alleles. The extent of paramutation was 
variable during plant development This 
exanqple then provides one mechanism 
for trans-inactivation: methylation pro- 
voked by a simOarly methylated iiaramu- 
tagenic aOele. 

Another discovery that I believe is 
very relevant to the topic under review 
came fifom mdecular analysis of a safes 
of alleles at the nW locus in AntarMnum 
that controls flower pigment productioo. 
The series inchides dosely related semi- 
domtoast and recessive slkies «i»e the 
setnidoounant alleles inactivate wihi- 
type alldes in heterozygotes. Each orthe 
senudominant alleles investigated has in> 
venions and muhiirie cc^ries of wtv gene 
sequences. After consideration of sevmd 
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models for how alleles with these se- 
<|uen^ aberratioiis nught confer domi* 
oance Coeo ei al (31, 32) concluded that 
the inactivatioii of transcription probably 
was a consequence of a physical uterac- 
tiiHi between the semidomimuit and wild- 
type alleles^ 

The Jisimiianties between paramuta- 
tion, the behavior of senudominant al- 
ldes» ajidtibte trans^rinactivi^pnphenom- 
eaa seen with tran$genes raise the ques- 
tion whether all die phenomena are 
consequences of the same collection of 
mechanisms. This reviewer believes they 
are. 

^ypothese5 to Explain fhe 
Trans-Inactivation Phenomena 

Pour categories of explanation have been 
offered by others to account for the phe- 
nomena (5-11, 13, 15, 30, 33-37). They 
are not mutually exclusive and no one is 
applicable to all the examples surveyed 
above. The first hypothesis suggests that 
the genes involved adopt an epigenetic 
state that affects gene expression after 
their physical interaction. In the second 
hypothesis gene expression is inhibited 
due to competition between genes for 
nondtfiftisible factors, essential for or- 
dered transcription or translation, such as 
the nuclear matrix or nuclear envelope. 
The third and fourth hypotheses apply to 
cases in which transcription is not inhib- 
ited but specific mRNA degradation is the 
cause of loss of gene expression. The 
hypothesis debated most involves Uie pro- 
duction of unintended antisense RNA for- 
mation and the degradation of mRNA 
sense^tisense duplexes. The other in- 
volves the accumulation of higher levels 
of a specific RNA due to the addition of 
extra copies of its gene and the conse- 
quential degradation of all of thb mRNA 
species by some unknown mechanism. 

Below I outline nuclear processes that 
I believe provide a useful background to 
consider these and other explanations for 
the whole range of trans-inactivation 
phenomena reviewed above. This outline 
is then followed by a review of some of 
the supporting evidence for its constitu- 
ent elements. 

The processes to be considered first in 
suinmary and in more detail later are 
shown in Fig. 1. Current views of chro- 
matin behavior and transcription hnply 
that DNA in condensed chromatin is re- 
cruited into a decondensed form and be- 
comes attached to the nuclear matrix, 
and regulated transcription is initiated. 
All these processes are programmed and 
regulated by complex interactions be- 
^ furray of regulatory |m>teins 
and 1>NA ui chiximatin. 

If it is hypotiiesized that under certain 
conditions hpirtcjpious DNA sequences 
mteract in son^c nuclei to form a hybrid 
DNA duplex or triplex, then there could 
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Fig. 1. Schematic fllustrating the processes that could suffer aberrations to cause cosup- 
pression and trans-tnacUvatioD. Details are described in the text. 



be several unusual consequences. First, 
a new chromatin/DNA structure would 
result while the hybrid DNA was sus- 
tained. Second, there could be an ex- 
change of chromatin proteins to create a 
new state of the chromatin/genes in- 
volved in the duplex. Third, if heterodu- 
plex DNA were established, then differ- 
ent patterns of cyiosine methylation 
could be imprinted into the participating 
DNA strands. These events should be 
viewed as being part of a dynamic reit- 
erative cycle, as shown in Fig. 1, where 
reactions in segments of the cycle can 
occur many times per cell cycle or only 
spasmodically in different cells during 
development. On each occasion, the 
same or different copies of a sequence 
could be involved. The outcome of each 
stage could be different on each occa- 
sion, creating instability of allele chro- 
matin structure and variation between 
alleles or, alternatively, the outcome 
could be constant, leaving allele chroma- 
tin structure very stable and homoge- 
neous. 

Any new chromatin state of a gene 
created via hybrid association or by gain 
of a protem or methylated cytosines via 
other routes could influence the subse- 



quent chromatin condensation pattern as 
depicted in Fig. 1, with some states caus- 
ing the gene to remain in condensed chro- 
matin and silent. Hybrid DNA stmctures 
or those of the new chromatin states 
might interfere with binding of the genes 
to the nuclear matrix or with subsequent 
transcription to result in aberrant expres- 
sion of some or all copies of the genes. 
The trans-mactivation would dienefore 
result from interference in steps labeled 1 
in Fig. 1. 

When trans*inactivation is posttran- 
scriptional, two routes can be hypothe- 
sized, affecting steps labeled 2 in Fig. 1. 
It can be envisaged that altered allelic 
chromatin states are transcribed, but in 
the wrong segment of the nucleus, and 
the mRNA-^rotein complexes are im- 
property or inefficiently transported 
through the nucleus^ processed, and ex- 
ported through the nuclear pore. They 
are consequently degraded. In an elabo- 
ration of this model, one could envisage 
that if mRNA'transpM processing, ex- 
port, and possibly translation were inef- 
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jnolecules on the rriRNA templates. The 
antisense RNAs would form complexes 
Wi^ M the h9.mplqgpus,s€tnsemKNAs m 
the c^Uf^Ml^iie complexes wo^Me 
d^gr^d^^^teforc or after export from the 
nucleus. Alternatively, the RNA-RNA 
duplexes could be formed in the cyto- 
plasm and prevent translation. The in- 
volvement of an RNA-dependent RNA 
polymerase has been recently postulated 
by Lindbo et al. (38) to explain the loss of 
transgene mRN A and viral RNA in virus- 
resistant tobacco plants contammg a nu- 
clear transgene encoding tobacco etch 
virus coat protein and infected with to- 
bacco etch virus. 

In the second route, it is envisaged that 
transgenes become incorporated into 
chromosomes under the control of pro- 
moters that generate antisense RNA to 
the transgene. The aritisense RNA would 
inhibit RNA survival and translation as 
described above. 

These scenarios could explain changes 
in the state of certain homologous genes, 
their imprinting and the stability/insta- 
bility of new states, failure to be tran- 
scribed, or turnover of their mRNA. 

The hypotheses have been divided into 
those that affect transcription and those 
that are posttranscriptional. These can be 
linked if a feedback system exists such 
that an accumulation of primary tran- 
scripts or antisense RNAs in the nucleus 
influences the chromatin or methylation 
state of a gene to affect its ability to 
efiQciendy participate in transcription. If 
this is the case, then inherited trans- 
inactivation of genes with sequence ho- 
mology could occur due to excess on 
RNA buildup without hybrid DNA for- 
mation. The cycles of modification of 
chromatin structure shown in Fig. 1 with- 
out hybrid DNA formation are depicted 
to include this sort of possibility. 

Evidence for the principal steps envis- 
aged in these hypotheses is reviewed 

next. , 

(f) Interactions Between Loci with Ho- 
mologous DNA Sequences. For interac- 
tions between loci with homologous se- 
quences to occur, the DNA must be ac- 
. cessible. This suggests that the chromatin 
must be decondensed and DNA strands of 
the interacting loci be opened up— 
presumably during transcription, regula- 
tory protein binding, replication, or re- 
combination. This alight explain the need 
for a promoter for trans-inactivation/ 
cosuppression in some cases. Certain 
DNA structures such as the presence of 
inverted repeats might provoke alterna- 
tive forms of genes; that facilitate accessi- 
bility of DNA (32). Sequence-specific in- 
teraction implies hybrid chromatin or 
DNA duplex or triplex (39) formation, at 
least trdinsiently , but this would need to be 
very efficient to account for the frequency 
of tran's-inactivation observed, unless the 
hrpmatin/DNA that interacted was her- 



itably imprinted. There is little evidence, 
direct or indirect, for such regular inter- 
actions involving all or most accessible 
chromatin sectors in somatic plant cells. 

In yeast, such a DNA homology- 
searching process has been inferred to 
account for the equivalent frequencies of 
allelic and ectopic (in different position in 
the chromosome) meiotic recombination 
between homologous sequences (40). In 
Neurospora, duphcated sequences are de- 
tected by a homology searching/sensing 
process in the haploid nuclei of dikaryons 
before meiosis (41). The duphcated se- 
quences are modified by cytosine meth- 
ylation and a high proportion of the mod- 
ified cytosines are substituted by thymi- 
dine. This repeat-induced point mutation 
process leads to destruction of gene func- 
tion and elimination of such mutant prog- 
eny from the population. The DNA pair- 
ing process is not dependent on the mei- 
otic chromosome pairing mechanisms 
(42). In Ascobolus immersus artificial 
gene repeats are also heritably inacti- 
vated, premeiotically, by cytosine meth- 
ylation but other mutations are not intro- 
duced (43). DNA sequences can undergo 
several rounds of pairing so that multiple 
copies of a sequence can be inactivated 
sequentiaUy (44). Thus, the pairing ma- 
chinery does not distinguish between 
methylated and nonmethylated copies. 

These observations on fungi provide a 
useful basis for considering possible 
mechanisms of trans-inactivation/ cosup- 
pression in plants. They provide a prec- 
edent for a process to control the expres- 
sion of unusual duplicated sequences in- 
volving an efficient homology searching/ 
sensing system. In these fiingi, hybrid or 
paired DNA is presumably recognized in 
premeiotic ceUs, directly or indirectly, by 
a de novo methylase or a maintenance 
methylase that operates on hemimethy- 
lated DNA. Any parallel in plants would 
have to occur, presumably, in any so- 
matic cell. 

If duplicated sequences involvmg a 
transgene recognize each other and form 
hybrid DNA, even only transiently, how 
could different states of the transgenes or 
transgene and endogenous genes emerge 
and be inherited? There are two sorts of 
possibilities for this, with precedents in 
other kinds of organisms: restructuring of 
chromatin and DNA sequence modifica- 
tion. These processes are reviewed be- 
low. 

(«) Chromatin Restructuring- The case 
for modification of interacting loci via 
chromatin changes is based on observa- 
tions established in Drosophila. Eleven 
examples have been reviewed recendy 
(45) in which the expression of a gene is 
influenced by ^'sensing" the presence of 
another specific gene after some kind of 
localized somatic chromosome painng 
(46-48). A transcription factor associ- 
ated with the chromatin of one of the 



genes is postulated to interact also with 
the promoter/enhancer of another chro- 
mosome and modify the expression of 
this second locus (49). However, another 
model involving transacting regulatory 
RNAs as mediators of the effects has also 
been put forward (45). In a second type of 
interaction, a gene becomes inactivated 
by assuming a heterochromatic, repress- 
ing chromatin structure from its neigh- 
boring sequences. It then pairs with a 
wild-type allele on another chromosome 
and a mutant phenotype results because 
the chromatin structure of the wild-type 
gene is also converted to an inactive, 
heterochromatic form. This model is 
based on the ability of chromatin proteins 
determining heterochromatic condensa- 
tion to initiate the condensation process, 
which then proceeds along the chromo- 
some unta some interfering components 
are encountered. When such initiating 
proteins are transferred to the wild-type 
gene via close pairing of chromosomes, 
the heterochromatic structure is imposed 
upon it also. Such modes of heterochro- 
matic chromatin assembly are dominant 
to those normally determining the chro- 
matin structure at the wild-type gene 
locus. When somatic pairing is disrupted 
in these cases, more normal gene expres- 
sion ensues. In other cases, mutant phe- 
notypes are enhanced when pairing is 
disrupted. The same is true for the trans- 
sensing effects on polytene chromosome 
puffs. In such cases, a mutant site will 
puff and accumulate mRNA when pau-ed 
with its wild-type homologue but not 
when these chromosomes are desyn- 
apsed or remain homozygously paired. 

An important issue for cosuppression 
and trans-inactivation in plants, as noted 
above, is how new states of the loci in- 
volved, however they are created, are 
stabilized and inherited. Other genetic 
studies on Drosophila have revealed gene 
products that appear to influence the state 
of gene activity through organismal devel- 
opment. Paro (50) has described a model 
that represents a way to imprint on/off 
transcription status into the higher-order 
chromatin structure surrounding a gene. 
He envisages chromatin of early embryos 
in a neutral state, allowing signals to ac- 
tivate specific gene loci. When the signals 
are not received, specific proteins interact 
with cis-regulatory elements of a gene and 
act as nucleation signals for a kind of 
heterochromatization. a local state that is 
clonally inherited through development. 
A parallel mechanism is envisaged 
whereby specific proteins would bmd to 
specific loci to keep them open and avail- 
able to developmentally controlled spe- 
cific transcription factors. ' 

The programming of transcnptional 
competence based on organization of 
chromatin structure is now receiving 
much attention in yeast and Drosophila, 
following the discovery of numerous 
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cene products that influence the expres- 
sion of many genes and that are hkely to 
work via influencing chromatin protein 
complexes (50-52). In summary, there is 
growing evidence from Drosophila and 
yeast, where the most detaUed molecular 
genetic studies have heen earned out 
that, in certain examples at least, chro- 
matin states can be transferred between 
homologously paired chromatin seg- 
ments, that competence for transcription 
is determined by chromatin structure, 
and that some chromatin states can be 
clonally inherited when not disturbed 

(iu) DNA Sequence Modification by 
Methylation. The second mechanism that 
can be envisaged to account for the her- 
itable modifications of the duplicated 
DNA sequences involved in cosuppres- 
sion and trans-inactivation is methylation 
of different cytosine residues. This pro- 
cess could occur either in the hybnd 
DNA or after establishment of a chroma- 
tin structure by any route. 

It is attractive to consider this process 
for many reasons: (0 the process occurs 
in all plant nuclei; (lO cytosine methyl- 
ation changes have been observed to 
correlate with at least some cases ot 
cosuppression or trans-inactivation (e.g. , 
see refs. 16, 23, and 30); (m) it results m 
imprinting of DNA, and imprinted pat- 
terns are inherited due to the addition of 
methyl groups to new DNA strands 
based on the pattern in the old sU^d 
(53); (iv) enhanced cytosine methylation 
at key sites is known to correlate with 
modified chromatin structure and gene 
expression (54); and (v) it is known to be 
part of the mechanism used to silence 
artificially duplicated genes in fungi (41- 
43). 

If hybrid DNA is formed between se- 
quences of duplicate transgenes or be- 
tween transgenes and endogenous se- 
quences, then the DNA strands wiU be 
hemimethylated at many sites because tiie 
cytosine methylation pattern will differ 
between the two parental sequences. This 
is because when transgenes are intro- 
duced from Agrobacterium they are un- 
methylated and without a plant-deter- 
mined chromatin structure. The process 
of cytosine methylation in CpG and 
CpXpG motifs must involve de novo 
methylation. It is likely that the stabilized 
pattern will reflect the chromosomal en- 
vironment where it is inserted and random 
processes (30). The pattern may t^e 
many cell generations to stabilize. For 
these reasons, different insertions of the 
same transgene are likely to have different 
methylation patterns 

There is a very active methylase that 
recognizes hemimethylated DNA in 
plants (55) since 80% of ^he CpG and of 
the CpXpG sites are njethylated and 
these have to be methylated after every 
round of replication. TTierefore, given 
hybrid DNA and accessibility of these 



sequences to the appropriate methylase, 
the number of methylated sites in the 
hybrid DNA is likely to increase. Upon 
separation of the hybrid DNA strands 
and their assimilation back into their par- 
ent duplexes, hemimethylated parent 
templates would exist and would be 
methylated. Thus, after the interaction, 
botii parental genes would be modified m 
the regions that formed hybrid DNA— 
generaUy in tiie direction of increased 
cytosine methylation. If the altered metii- 
ylation pattern affected transcnption di- 
rectiy or indirectiy by the altered bmding 
of regulatory proteins or by affecting the 
condensation pattern into a different 
chromatin conformation, then new hen- 
table states of gene expression would 
have been created. The paired DNA se- 
quences would have similar changes im- 
printed and thus might share simUar 
changes in gene expression in many but 
riot all cases. The process is usefiilly seen 
as a dynamic cycUcal pathway (see Fig. 
1) and multiple rounds of the cycle could 
occur in each ceU cycle. To attain a stable 
state for all copies of a sequence, many 
cycles would probably be required. 

The observed outcome would depend 
on the original state(s) of the trans- 
gene(s), and of the endogenous loci, and 
the role of specific cytosine residues m 
controlling levels of transcription, pro- 
tein binding, and chromatin structure. 
Thus, gene expression could be reduced, 
increased, or unchanged. 

A prediction of methylation of henum- 
ethylated hybrid DNA is tiiat homolo- 
gous sequences should accumulate the 
same cytosine methylation pattern in the 
same ceU Uneage. This is testable. How- 
ever, the pattern of methylated cytosines 
established could differ foUowing the res- 
olution of hybrid DNA duplexes m dif- 
ferent ceUs, and thus chimeras would be 
produced, as has been observed (10. 11). 
The requirement for a transgene to pro- 
voke easily recognized cosuppression 
fi^equently may be because only newly 
inserted genes are in different, unregu- 
lated states of cytosine methylation and 
are therefore capable of giving rise to a 
variation in cytosine methylation and 
chromatin patterns via hybrid DNA for- 
mation. ^ 

(iv) Inhibition of mRNA Processing, 
transport, Export, or Translation, The 
first product of RNA tt^anscription under- 
goes a series of complex processing steps 
including removal of intervening se- 
quences, if present, capping attiie 5' end, 
and polyadenylylation at the 3' end to 
produce the RNA that is transported 
through the nuclear pore for translation. 
How tiiese processes occur within the 
nuclear architecture is not weU docu- 
mented. It has been proposed that RNAs 
are transported from the site of synthesis 
to the pore across a solid nuclear sub- 
sttucture distinct from chromatin (56). 



Evidence has been obtained that newly 
synthesized RNAs are associated with 
the nuclear matrix and pass along defined 
paths (refs. 57 and 58 but see ref . 59). The 
complexes that effect splicing may be 
locaUzed in specific foci so RN As requir- 
ing spUcing may pass through such foci 
(60, 61). Association of mRNA with a 
splicing complex inhibits export ; export 
is dependent on release from a spliceo- 
some, and data have been reported to 
show that 5' capping and a correct 3' end 
are important for export (62). 

Knowledge of these mechanisms im- 
pUes that, for correct gene expression, 
RNA transcription may need to take 
place in an appropriate place in the nu- 
cleus and RNAs might traverse specific 
domains to be property processed for 
export. If these requirements are not 
satisfied due to the relocalization of 
genes after their interaction and modifi- 
cation, tiien there could be delays m 
RNA transport and processing that result 
in degradation of the RNA. 

Alternatively, if inefficient processing 
and transport were to occur, antisense 
RNA could be generated by using the 
accumulated RNA as template, because 
RNA-dependent RNA polymerase oc- 
curs in plant cells (63, 64). Its role and 
cellular location are unknown. The acUv- 
ity is induced after infection with viruses 
and after wounding. It is capable of mak- 
ing antisense RNA fragments from plant 
RNA and appears to display litUe tem- 
plate specificity. This activity, if nuclear, 
could synthesize antisense RNA in tiie 
nucleus. Alternatively, if cytoplasmic, it 
could synthesize antisense RNAs on ex- 
ported RNAs present in excess in rela- 
tion to regulated translation capacity or 
on RNAs inefficientiy translated due to 
structural defects through aberrant pro- 
cessing. The antisense RNA products 
could remain cytoplasmic and prevent 
translation or enter tiie nucleus to mter- 
fere vnih RNA maturation. 

The inactivation of sense mRNA to the 
transgene by unintended antisense RNA 
as an explanation for cosuppression has 
been debated by several authors (10, 11, 
33-35) The authors envisaged that the 
antisense RNA would originate either 
from an active promoter in the host chro- 
mosome initiating ttanscnption in the op- 
posite direction to the tt^sgene or from 
another gene promoter in the opposite 
orienution on the inserted T;DNA 

Efficient production of anusense RNA 
from a chromosome promoter would lead 
to down-regulation of sequence-specific 
eene expression and some antisense 
RNA has been detected in cosuppressed 
pettinia plants (6, 7). However, there are 
specific pieces of evidence in examples of 
cosuppression and trans-inactivation that 
argue strongly against a chromosomal 
promoter being the source of antisense 
RNA and the sole component of a model 
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much about the phenomena described in this 
review and for their comments on the manu- 
script. 
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Genomic DNA transfer with a high-capacity adenovirus 
vector results in improved in vivo gene expression 
and decreased toxicity 

Gudrun Schiedner>'5, Niiria Morral^'^ Robin J. Parks^ Ying Wii^ Suzanne C Koopmans*, Claire Langston^ 
Franlc L G^aham^ Arthur L. Beaiidet''^ & Stefan Kochanek^'^ 



Many applications for human gene therapy would be facilitated 
by high levels and long duration of physiologic gene expression. 
Adenoviral vectors are frequently used for gene transfer because 
of their high cellular transduction efficiency /n wfro and In vivo. 
Expression of viral proteins and the lov^/ capacity forforeign DNA 
limits the clinical application of first- and second-generation ade- 
noviral vectors^-^ Adenoviral vectors with all viral coding 
sequences deleted^-^^ ^ff^^ prospect of deaeased host 
immune responses to viral proteins, decreased cellular toxicity of 
viral proteins and increased capacity to accommodate large regu- 
latory DNA regions. Currently most vectors used in vivo for pre- 
clinical and clinical studies express cDNAs under the control of 
heterologous eukaryotic or viral promoters. Using an adenoviral 
vector with all viral coding sequences deleted and containing the 
complete human OT-antitrypsin {Pf) locus, we observed tissue- 
specific transcriptional regulation In ceil culture and in vivo; 
intravenous injection in mice resulted in high levels of very sta- 
ble expression for more than ten months and decreased acute 
and chronic toxicity. These results indicate significant, advan- 
tages of regulated gene expression using genomic DNA forgene 
transfer and of adenoviral gene transfer vectors devoid of all 
viral coding sequences. 

Using the Cw-hxP helper-dependent system'-*^, we rescued the 
complete humiin ai-antitrypsin genomic DNA locus (P/), includ- 
ing bolii promoters, all exon.s iincl introns, and the pol/adenylo- 
tion signitl (a 19-kb DNA iVagnicnt) into a high capacity 
adenoviral vector (AdSTKI()9; l^ig, 1). This DNA fragment wns 
reported to express high levels of aj-antitrypsin (AAT) in trans- 
genic niice'^'. A 9-kb intronic DNA fragment from the human 
hypoxanthine-guanine phophoribosyltransferase {HPRTJ) gene'^ 
was included as \stuffer* DNA to increase packaging efficiency and 
stability of the vector during production'**. Tlius, the AdSTKI09 
genome included 28 kb of human genomic DNA and only 0.6 kb 
of viral noncoding DNA (Fig. I ). AAT, whose major function is to 
antagonize neutrophilic elastase» is expressed abundantly in hepa- 
tocytcs and at a lovver level in macrophages. Different ti.ssue-spe- 
cific promoters regulate gene expression in these two cell types'*^. 

To test whether adenoviral mediated gene transfer using the PI 
locus resulted in tissue specific expression, cell lines were trans- 
duced with either AdSTK109 or AdhAATAFJ, a first generation 
adenoviral vector (hat contains a cDNA encoding liuman 
ai-antitrypsin inider control of the murine pbosphoglycerate 
kinase (7^^'^) housekeeping promoter^*. Two nnirine liver cell lines 
expi'csseci comparable levels of AAT after transduction witli both 
vectors {Fig. 2). Howevei't after transduction of the nonhepatic 
KB and 293 cell lines, substantial secretion of AAT was observed 
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Fig.1 Structure of the plasmid pSTK109. pSTKI 09 has a 28.6-kb Insert in the mul- 
tiple cloning site of pBluescript KSII with, from left to right the following essen- 
tial features: the left terminus of adenovirus type 5 (nt 1-440), a 19-kb genomic 
Sa/I fragment containing human Pi derived from phage clone oNN^^ a 9-kb 
intronic DNA fragment derived from human HPHT{r\t 1777-10609; ref. 17) and 
the righttermlnus of adenovirus type 5 (nt 3581 8-35935). The insert of pSTK109 
Is flanked by Pmel restriction sites; Pme\ Is a rare cutting endonuciease and does 
not cleave within the insert. The locations of the inverted tenninai repeats (ITR) 
and the packaging signal (M') are Indicated. PI contains 7 exons and 6 introns, 
The coding sequences are indicated In black, non-coding exons are shaded. The 
hepatocyte-speclfic promoter is located between exons lb and Ic The 
macrophage-spedfic promoter Is located upstream of exon la. 



with AdhAATAEl only (Pig. 2), indicating tissue-specific expres- 
sion of the genomic?/ frugment in AdSTK109. Similar results, 
namely liver-specific expression of AdSTKl09, wei'e obtained 
after transduction of two additional nonhepatic cell lines (HeLa- 
cervix carcinoma; TT-medulIary thyroid carcinoma) and 
Hepala, another murine liver cell line (data not shown). 
TVansduction of the intestinal 407 cell line resulted in expression 
from both vectors^ human intestine is known to express AAT^'\ 



O 



O) 



hours post Infection ♦ AdhAATAEi hours post Infection 

AdSTKIQQ 

Fig. 2 Expression of AAT in vitro. Two human nonhepatic cell lines (293, KB) 
and 2 murine hepatic cell lines (NMuLi and BNL CL2), were transduced with a 
MOI (multiplicity of Infection) of 50 with either AdSTK109 or AdhAATAEl. 
Secretion of AAT into the cell culture medium was determined by ELISA. 
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b Fig. 3 Transcriptional initiation and translation 

after gene transfer in vivo, a, Primer extension 
analysis of liver RNA from C57aiy6j mice after 
transduction with AdSTKlOS and AdhAATAEI. 
Primer extension analyrses were performed using 
RNA from liver tissues of animais two weeks after 
tail vein Injection of 2 xio'o particles of either vec- 
tor or from untreated control animals. RNA from 
HepG2 cells which const it utively express AAT 
served as control. The primer hybridizes to exon 2 
of PI and hepatocyte specific transcription results 
in a 175-nt product (arrow), whereas macrophage- 
speclflc expression would result in transcripts 
of approximately 240 and 450 nt. b. Western-blot 
^M^i -^u ^ . , , analyses of serum from C57BL/6J mice after trans- 

duction with 2 k lO'O particles of AdSTKl09. Western blots were performed using different amounts of 
serum from control mice and transduced mice, as Indicated, and goatIgG fraction againstAATaspriman^ 
antibody. The AAT-specific band is indicated by an arrow; the lower band, present both in control'and 
injected animals, is due to unspecific crossreaction of an unknown mouse serum protein to the AAT anti- 
serum. As controls, different amounts of human serum were used, corresponding to 1, 2,5 and 10 ng AAT. 



Experiments to evaluiite gene transfer in vivo were designed to 
assess the expression potential of the vectors in the absence of 
host imnniiie respon.scs to the reporter protein^ C57B1/6J 
mice were chosen because they do not generate anti-AAT anti- 
bodies following intnivenoLis administration of AdkAATAEl 
(ref. 21). Primer extension analysis using liver RNA isolated from 
AdSTK109-injected ajiimals indicated that only the hepatocyte 
specific promoter was iictivo in this tissue (Fig. 3a), Northern- 
blot analysis of liver RNA detected only a single 1.6-kb tran- 
script, demonstrating tliat the primary transcript was spliced 
correctly (data not shown). The secreted protein had die correct 
size (Fig. 3b). Finally, isoelectric focusing (lEF) confirmed that 
processing of the AAT expressed from AdSTK109 was indistin- 
guishable from that of AAT expressed from AdhAATAEl (data 
not shown). Takeji together, after liver transduction with the PI 
locus, the primary transcript was correctly initiated and 
processed, and the niRNA was correctly translated to yield a 
properly glycosylated protein. 

C57BL/6J mice were transduced with 2x10 "'particles of either 
AdSTKl09 or AdhAATAEl by tnil vein injection, and serum levels 
of AAT were determined by ELISA^hzs (pjg jj^ j^j^^ injected 
with AdhAATAEl, maximum levels of 2 fig AAT/ml serum were 
observed 3 days after injection, followed by a slow decline over 
10 months to less than 10% of the peak levels. Similar kinetics 
after adenoviral mediated gene transfer with the PI cDNA under 
control of different promoters were reported previously^'^^'^^. In 
contrast, in mice that received AdSTK109, AAT levels reached a 
plateau of approximately 50 |.tg/ml 3 weeks after injection without 
decrease during the observadon period of 10 months. Injection of 
AdSTK:i09 into C3[-I/HeJ mice also yielded high levels and dura- 
tion of expression for 10 weeks, the longest period studied to date 
(data not shown). The persistence of expression in C3H/HeJ mice 
was unexpected, since these mice produced antibodies to AAT 
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Fig. 4 Expression of AAT In C57BL/6J 
mice (a) and in Rag;-deficlent mice 
(i>). Groups of five mice (6-10 weeks 
old) were Injected into the tall vein 
with 2x10^0 particles of either 
AdSTKlOg or AdhAATACI. Mice were 
bled atthe indicated times and serum 
AAT was determined by ELISA. Error 
bars represent the standard deviation 
for each group. 
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when a first generation vector was administered^^ The reasons 
for the different immune responses to the reporter with the two 
vectors in C3H/HeJ mice are under investigation. 

In order to evaluate why expression levels of AAT declined hi 
C57BL/6J mice when injected with AdhAATAEl but not with 
AdSTK109, i^tJ^J-immunodeficient mice^'' were injected with 
either vector (Fig. 4b). The expression profiles for each vector in 
-deficient mice were similar to results with immunocompe- 
tent mice, although the absolute levels of expression were higher 
(up to 150 ^g/ral with AdSTKl09). We speculate that the higher 
expression levels in -deficient versus C57DL/6J mice might 
be due to absence of nonspecific neutralizing antibodies crossre- 
acting with viral capsid proteins. Compared with immunocom- 
petent mice, higher AAT levels after gene transfer with 
adenoviral vectors were reported in scid mice^. The different 
expression kinetics observed in AdSTK109 versus AdhAATAEl 
injected mice may be a funcdon of the presence of the endoge- 
nous genomic promoter or of the HPRT intronic *stuffer' DNA 
sequence which contains a matrix association region (MAR; 
ref 28). Southern-blot analysis indicated that the livers of 
C57BL/6J mice were transduced with comparable efficiency by 
AdSTK109 and AdhAATAEl, with approximately 0.2 to 0.5 
copies per cell present 3 days after injection. Data based on 
groups of 3 animals suggested that in AdhAATAEl-injected 
C57BL/6J mice, there was a 65% decline in vector DNA levels 
between 3 days and 12 weeks; in AdSTK109 injected mjce there 
was a 30% decrease in DNA levels during that period with only a 
6% decline between 6 and 12 weeks (data not shown). 

Histopathological examination of livers from C57BL/6J mice 
demonstrated normal morphology between 3 days and 12 weeks 
after injection with AdSTK109 (Fig. 5). Livers from animals 
transduced with AdJiAATAEl were morphologically normal at 
3 days and 2 weeks. However, at 6 weeks and more pronounced at 
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12 weeks, signs of liver injur/ were apparent with considerable 
polymorphism of cell bodies and nuclei, scattered necroses and 
some lipid accumulation (Fig. 5). Unexpected!/, significant 1/m- 
phocytic infiltrations were not observed, and onl/ sporadic CD4 
or CD8 positive lymphoc/tes were detectableb/immunostaining 
(data not shown). Livers from AdhAATAEl-injected Ragl-6efi- 
cient mice revealed a biphasic response with hepatoc/te prolifera- 
tion and man/ mitoses at 3 da/s. although normal liver 
morphology was observed at two weeks; at 6 and at 1 2 weeks, liver 
injur/ was apparent that was similar to the pathology observed in 
AdhAATAEl injected C57BL/6J mice at tlie same poiiits. In con- 
trast, livers of -Ra^i -deficient mice that received AdSTKlOQ did 
not show significant abnormalities at these times (data not 
shown). Altliough an immune response against viral proteuis 
may have contributed to the abnormal liver histology in 
C57BL/6J mice late after transduction with AdhAATAEl, the lack 
of significant lymphocytic infiltration, and more importantly, the 
observation of morpliologicall/ similar changes in /?c7^i-deficient 
mice argues that a non-CTL mediated mechanism (for example a 
direct cytotoxic effect of viral proteins) may explain the liver 
Injury In C57BI76] mice, the cell proliferation marker Ki-67 
(ref. 29) was present in significantly more cells between 3 days 
and 6 weeks after injection with AdhAATAEl compared with 
AdSTK109 (data not shown), In /?flgi -deficient mice, an impres- 
sive difl'erence was present at 3 days after injection (Fig. 6). Liver- 
cell proliferation soon after gene transfer in Rcigl -deficient mice 
with AdhAATAEl probably reflects increased levels ofhepatocyte 
transduction in immunodeficient versus immunocompetent 
mice (see above), and liiglier acute hepatotoxicity witir" 



Fig. 5 Hematoxylin and eosin staining 
of cross sections of liver tissue from 
C57BI/6J mice treated as described in 
Fig. 4, a, Control, injected with buffer. 
b.c. Injected with AdSTK109; shown 
are tissue sections from mice killed 2 
weelcs (b) and 12 weeks (c) after Injec- 
tion. d,e,. Injected with AdhAATAEl; 
shown are seaions from mice killed 2 
weeks (d) and 12 weeks (e) after injec- 
tion. Original magnification: x400 . 



AdhAATAEl than with AdSTK109. The finding of decreased 
acute toxicity of AdSTK109 compared with AdhAATAEl is also 
supported by preliminary results showing normal ALT and AST 
liver enzymes serum levels early after intravenous injection of 
3.2x10'* particles of AdSTKl09, but a more than ten-fold 
increase of serum enzyme levels iibove normal in animals injected 
with AdhAATAEl (N.M.effi/., unpublished). 

Our data suggest that high-capacity adenoviral vectors devoid 
of viral coding sequences promise to overcome the main disad- 
vantages of first generation adenoviral vectors: toxicity and 
immunogenicity caused by viral gene expression, short duration 
of expression related to these host responses, and restricted 
capacity for the accommodation of foreign DNA. Our results 
contrast with a report of weak and transient expression of AAT 
using a 'deleted' adenoviral vector with a , genome size of only 
9 kb in C57BL/6J mice^'. With the high-capacity vector 
described here, we achieved efficient hepatic gene transfer and 
persistent and high levels of expression that were not accompa- 
nied by abnormal liver histology. Our results predict that high- 
capacity adenoviral vectors will be useful for gene transfer and 
somatic gene therapy because of their improved safety and 
expression profiles. Their increased capacity for foreign DNA, 
allowing transfer of multiple expression cassettes, large regula- 
tory elements and even a proportion of genes in their natural 
genomic context, as demonstrated in this study, is a significant 
advantage over first and second generation adenoviral vectors. 

Methods 

Mouse strains. C57BL/6J and /^n^fJ -deficient mice were purchased from the 
Jackson Laboratory, The /iff^/ -deficient nitce^^ used in these cxperimenti; 
have C57BL/6j background. All mice were 6—10 weeks old at the time of 
injection. 

Rescue of AdSTKl09. pSTKI09 DNA (10 pg; Fig. 1) was cleaved with 
Pnid, followed by phenol extraction and ethanol precipitation. Tlie DNA 
was transfected into 29.3 cells that were subsequendy infected at a multi- 
plicity of infection (MOD of 5 with the helper virus AdLC8cliic, After 
complete cytopothic effect (CPE), the medium and infected cells were har- 
vested and freeze/thawed to release the virus. Aliquots of the crude vector 
lysate were serially passaged through 293-Cre cells to increase the ritre, as 
previously<tescHl5ca^^^^TlieyieId of AdSTKOT atter CsCllquililTrimfT" 



Fig. 6 Immunostainlng of cross sec- 
tions for the presence of the prolifera- 
tion marker Ki-67 In liver tissue from 
/?t)g/-deficient mice 3 days following 
intravenous Injection with AdSTK109 
(a) and AdhAME! (Jb). Sections were 
stained using a rabbit polycfonctl anti- 
body against Ki-67 as primary antibody 
and a biotlnylated goat antkabbit 
F'ab fragment as secondary antibody. 
Original magnification: x400. 
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density centrifugatioii was5xl0" particles produced from 1.5x 10^ cells. 
The infectious titre of AdSTK109 wns dcterjiiincd by infecting KB cells in 
parallel with AdIiAATAEl, using 200 and lOOO particles per cell. DNA iso- 
lated from cell nuclei that had been harvested 3 h after infection with 
either AdSTK109 or AdhAATAEl was digested with Ssp\ {Ssp\ cleaves at nt 
341 of Ad 5 DNA) followed by agarose gel electrophoresis and Southern 
blot analysis. A 440-bp DNA fragment encompassing the left terminus of 
Ad5 was used as the hybridization probe. Comparison of the signal inten- 
sities of the left termini of both vectors allowed the estimation of the infec- 
tious titre ol* AdSTK109 based on the plaque forming unit (pfu) titre of 
AdhAATAEl. Tlie particle/infectious units ratio was 20:1 with both vec- 
tors. The prcscna* of helper virus in preparations of AdSTK109 was quan- 
litated by performing plaque assays on 293 cells and was found to be 0.1% 
of the infectious litre of AcLSTKl09. Thus. 2xlO'" particles of AdSTK109 
(corresponding to 1 xlO'' infectious units, and the amount that was used 
for in vivo experiments) contained I x lO*^ pfu of helper virus. To exclude 
the presence of replication competent adenovirus (RCA) in theAdSTKi09 
and AdhAATAEl preparations, 5x10^ HeLa cells were infected with 
1x10^*' particles of either vector. The cells were serially passaged for 
3 weeks without the appearance of a CPE, 

Hnzymc-linked imnnmosorhent assay for AAT. For /// vitro expression of 
AAT, nonhcpatic and hepatic cell lines* were ironsduccd with n MOl of 50 
with either AdSTl<109 or AdhAATAEl. The cell ailture medium was col- 
lected 24, 48 and 72 h after transduction. Form vivo expression of AAT in 
C571JL/6J mice and in /^ri^^i -deficient mice, groups of 5 mice were injected 
into the tail vein with 2xtO'" particles of either AdSTKl09 or AdhAATAEl 
diluted in phosphate-buffered saline (PBS). Mice were bled at the indi- 
cated time points and scrum was frozen at -20 °C. An enzyme-linked 
immunosorbent assay (EUSA) was used to measure AAT levels in cell cul- 
■ tare medium or in serum of mice, as previously descvibed^^ 

Primer extension analyses. RNA was isolated from liver tissues 2 weeks 
after tail vein injection with 2>^U)''' particles of cither vector. Primer 



extension analyses were performed using liver RNA (20 |ig) from injected 
and control animals, or RNA from human HepG2 cells (10 Jig). The 
nucleotide sequence of the primer corresponded to nt, 101-124 relative to 
the start codon of the PI cDNA' ^ 

Western-blot analyses. Different amounts of serum from control mice and 
tiansduced mice were fractionated by 10% SDS-PAGE, transferred to 
nitrocellulose filters and incubated with goat IgG fraction against human 
AAT (Cappell) as primary antibody and horseradish peroxidase conju- 
gated rabbit anti-goat IgG (Pierce) as secondary antibody. Specific signals 
were detected by the ECL-method (Amersham). 

Morphological analyses. Three transduced animals per time point were 
sacrificed at times as indicated and the livers were fixed in 10 % formalin. 
Paraffin sections were stained with hematoxylin and eosin and examined 
in a blinded fashion. For immunostaining, cross sections were stained 
using a rabbit polyclonal antibody against Ki-67 as primary antibody 
(Novocastra) and a biotinylated goat anti-rabbit fab fragment 
(Chemicon) as secondary antibody. 
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ABSTRACT 



Con^)Ositions and methods are provided for the treatment 
and diagnosis of diseases or conditions amenable to treat- 
ment through modulation of the synthesis or metabolism of 
multidrug resistance-associated protein (MRP). In accor- 
dance with referred embodiments, oligonucleotides are pro- 
vided which are specifically hybridizable with nucleic acids 
encoding MRP. In a preferred embodiment, the oligonucle- 
otide has at least one 2 -methoxyethoxy modification. Meth- 
ods of preventing the development of multidrug resistance 
and of improving the efficacy of chemotherapy are also 
disclosed. 

35 Claims, 11 Drawing Sheets 
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ANTISENSE OLIGONUCLEOTIDE 
MODULATION OF MULTIDRUG 
RESISTANCE-ASSOCIATED PROTEIN 

RELATED APPUCATIONS 

This application is a continuation-in-part of U.S. patent 
appUcation Ser. No. 08/628,731. filed and U.S. patent appli- 
cation Ser. No. 08/136,811, filed Oct. 18, 1993, now issued 
as U.S. Pat No. 5,510,239. 

FIELD OF THE INVENTION 

This invention relates to diagnostics, research reagents 
and therapies for multidrug resistance and for disease states 
which respond to modulation of the phenomenon of multi- 
drug resistance. In particular, this invention relates to anti- 
sense oligonucleotide interactions with certain messenger 
ribonucleic acids (mRNAs) or DNAs involved in the syn- 
thesis of the multidrug resistance-associated protein (MRP). 
Antisense oligonucleotides designed to hybridize to the 
mRNA encoding MRP are provided. These oligonucleotides 
have been found to lead to the modulation of the activity of 
the RNA or DNA, and thus to the modulation of the 
synthesis and metabolism of MRP. Palliation and therapeutic 
effect result These oligonucleotides can also be used in 
assays and diagnostics, and can be useful in distinguishing 
MRP-assodated multidrug resistance from other multidrug 
resistance pathways. 

BACKGROUND OF THE INVENTION 

Acquired resistance to chemotherapy is a major problem 
in treatment of cancer by conventional cytotoxic drugs. 
Tumors may initially respond well to chemotherapy but later 
become resistant to a variety of unrelated drugs, leading to 
relapse. Multidrug resistance can arise via one of several 
independent pathways, any or all of which naay be amenable 
to iiiiibition. One cause of multidrug resistance is believed 
to be overexpression of a transmembrane transport protein 
known as P-glycoprotein or MDR protein. Another distinct 
cause of multidrug resistance is believed to be overexpres- 
sion of a member of the ATP-binding cassette transmem- 
brane transporter superfamily known as multidrug 
resistance-associated protein (MRP). This protein is over- 
expressed in certain tumor cell lines which are multidrug 
resistant but do not overexpress P-glycoprotein. Cole et al. 
Science 1992, 258, 1650-1654; Slovak et al. Cancer Res, 
1993, 53, 3221-3225. The gene encoding MRP was initially 
isolated from a multidrug-resistant small-cell lung cancer 
cell line. Small-cell lung cancer accounts for 20-25% of aU 
lung cancer. Up to 90% of small-cell lung cancers respond 
initially to chemotherapy, but nearly all become multidrug 
resistant leading to relapse- 
MRP, unlike P-glycoprotein, has been shown to be a 
primary active ATP-dependent transporter of leukotrienes 
and otiier conjugated organic anions. Gao et al, /. BioL 
Chem. 1996, 271, 27782-27787. 

Compositions and methods for modulating and detecting 
MRP are tiie subject of this invention. Agents enable of 
reversing the phenomenon of multidrug resistance and thus 
"sensitizing" the drug resistant mmors to chemotherapy are 
desired. Cyclosporin A and other agents are able to reverse 
doxorubicin resistance in cells which overexpress MDR, but 
clinical use of these coii^x)unds is limited by their cytotox- 
icity. Further, these reversing agents do not work in cells 
which overexpress MRP. Antisense oligonucleotides tar- 
geted to the MDR mRNA encoding P-glycoprotein have 
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been used to inhibit the synthesis of P-glycoprotein (MDR 
protein) and to partially reverse the multidrug resistance 
phenotype. Thierry et al. Biochem, Biophys, Res. Comm. 
1993, 190, 952-960; Vasanthakumar, G. and N. K. Ahmed 

5 Cancer Commun. 1989, 1, 225-232. 

While compositions and methods for reversing 
P-glycoprotein (MDR)-associated multidrug resistance or 
MDR synthesis have shown limited success, these are not 
targeted to the same target as the compositions and methods 

10 of the present invention. Consequentiy thare remains a 
long-felt need for compositions and methods for modulation 
and diagnosis of odier types of multidrug resistance. Oligo- 
nucleotides that are specifically hybridizable with MRP 
mRNA are desired for their diagnostic and therapeutic 

15 utility. Interference with MRP expression is desired as a 
means of reversing the multidrug resistance phenomenon, 
and making a distinction between multidrug resistance due 
to MRP and that due to otfier causes. Interference with MRP 
expression is also desired for improving the efficacy of 

20 conventional methods of cancer chemotherapy, particularly 
of lung cancer, most particularly of small-cell lung cancer. 

Compositions and methods for treating inflammatory con- 
ditions are also desired. The role of leukotrienes in inflam- 
matory conditions, particularly asthma, inflanamatory bowel 

25 disease, rheumatoid arthritis and psoriasis, is weD known 
and leukotriene inhibitors and antagonists are being exam- 
ined as drugs, Henderson, W. R., Jr., Arm. Int Med, 1994, 
121, 684--697. Leukotriene release has also been implicated 
in other inflanunatory conditions including allergic rhinitis, 

30 cystic fibrosis, adult respiratory distress syndrome, and 
glomerulonephritis. Because MRP functions as a primary 
ATP-dependent transporter of cysteinyl leukotrienes, com- 
positions and methods for modulating MRP expression are 
believed to have therapeutic utility for tiiese and other 

35 inflammatory conditions in which leukotriene release is 
involved, 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS, la and \b are line drawings showing the reversal 

^ of resistance of HeLa T5 cells to vincristine (FIG. lo) or 
doxorubicin (FIG. \b) (escalating doses along the abscissa) 
after treatment with ISIS 13040 or its scrambled control, 
ISIS 13043. Open drclesMIll control cells; solid circles= 
untreated T5 cells; open triangles=T5 ceUs+ISIS 13040; 

45 closed triangles=T5 cells+ISIS 13043; asterisks= 
UPOFECmSFM alone. 

FIGS. 2a and 2h are line drawings showing the reversal 
of resistance of HeLa T5 cells to vincristine (FIG. 2a) or 
doxorubicin (FIG. Th) (escalating doses along the abscissa) 

50 after treatment with ISIS 13041 or its scrambled control, 
ISIS 13042. Open circles=Cl control cells; solid circles= 
untreated T5 cells; open squares=T5 cells+ISIS 13041; 
closed squares=T5 ceUs-flSIS 13042. 
FIGS. 3a and 3i> are line drawings showing the reversal 

55 of resistance of HeLa T5 cells to vincristine (FIG. 3a) or 
doxorubicin (FIG. 3ii) (escalating doses along the abscissa) 
after treatment with ISIS 13038 or its scrambled control, 
ISIS 13044. Open circles=Cl control ceUs; solid circles= 
untreated T5 cells; open inverted triangles=T5 cells+ISIS 

60 13038; closed inverted triangles=T5 ceUs+ISIS 13044, 

FIGS. 4a and 4b are line drawings showing the reversal 
of resistance of HeLa T5 cells to vincristine (FIG. 4a) or 
doxorubicin (FIG. 4b) (escalating doses along the abscissa) 
after treatment with ISIS 13039 or its scrambled control, 

65 ISIS 13045. Open circles=Cl control cells; solid circles= 
untreated T5 cells; open diamonds=T5 cells+ISIS 13039; 
closed diamonds=:T5 cells+ISIS 13045. 
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no. 5 is a line graph showing the suppression of MRP 
protein levels after treatment with antisense oligonucle- 
otides. FIG. 5a shows the results of treatment with ISIS 
13039 (open diamonds) or its scrambled control, ISIS 13045 
(closed diamonds). FIG. 5b shows the results of treatment 5 
with ISIS 13041 (open squares) or its scrambled control, 
ISIS 13042 (closed squares). 

FIG. 6 is a bar graph showing inhibition of H69AR tumor 
growth in nude mice at six time points after treatment with 
ISIS 7597 (IP7597). vincristine (Vine), ISIS 7597 plus lo 
vincristine (Vinc4-7597) or saline control (NaCl). 

SUMMARY OF THE INVENTION 

In accordance with the present invention, oligonucle- 
otides are provided which specifically hybridize with nucleic 
acids encoding multidrug resistance-associated protein 
(MRP). The oligonucleotides are designed to bind cither 
directly to mRNA or to a selected DNA portion forming a 
triple stranded structure, thereby modulating the amount of 
mRNA made from the gene. In either case, expression of 
MRP protein is ultimately modulated. "Hybridization/* in 
the context of this invention, means hydrogen bonding, also 
known as Watson-Crick base pairing, between con:q)lemen- 
tary bases, usually on opposite nucleic acid strands or two 
regions of a nucleic add strand. Guanine and cytosine are 
exair^)les of con^lementary bases which are known to form 
three hydrogen bonds between IhenL Adenine and thymine 
are examples of complementary bases which are known to 
form two hydrogen bonds between them. "Specifically 
hybridizable" indicates a sufficient degree of con^lementa- 
rity to avoid non-specific binding of the oligonucleotide to 
non-target sequences, Jt is well known in the art that an 
oligonucleotide need not be 100% complementary to its 
target nucleic acid sequence to be specifically hybridizable. 

35 

The relationship between an oligonucleotide and its 
complementary target nucleic acid is commonly denoted as 
"antisense". In the context of the present invention, the 
**target*' is a nucleic acid encoding multi-drug resistance- 
associated protein (MRP); in other words, the MRP gene or 
mRNA expressed from the MRP gene. 

Jt is preferred to target specific genes for antisense attack. 
It has been discovered that the gene coding for MRP is 
particularly useful for this approach. Inhibition of MRP 
expression is expected to be useful for the treatment of 
multidrug resistance. However, "modulation" in the context 
of this invention means either an increase or decrease 
(stimulation or inhibition) of MRP expression. 

Methods of modulating the synthesis of MRP in cells and 
tissues comprising contacting an animal suspected of having 
muitidrug-resistant cells or tissues with an oligonucleotide 
specifically hybridizable with nucleic acids encoding the 
MRP protein are provided. 

Methods of treating an animal suspected of having a 
condition characterized by elevated levels of MRP are also 55 
provided. Such methods comprise administering to an ani- 
mal a therapeutically effective amount of an oligonucleotide 
specifically hybridizable with nucleic acids encoding the 
MRP protein. 

Other aspects of the invention are directed to methods for 60 
improving the efScacy of chemotherapy and preventing the 
development of multidrug resistance during chemotherapeu- 
tic drug treatment of a disease. Such methods comprise 
administering to an animal an impropriate amount of oligo- 
nucleotide specifically hybridizable with nucleic acids 65 
encoding the MRP protein in conjunction with a chemo- 
therapeutic drug treatment. 
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Methods for diagnosis are also a part of this invention, 
and include methods for determining MRP-associated mul- 
tidrug resistance as being distinct from other pathways of 
multidrug resistance development Such methods comprise 
contacting ceUs or tissues or bodily fluids fi*om the diseased 
animals with oligonucleotides in accordance with this inven- 
tion in order to detect MRP overexpression. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Oligonucleotides have recentiy become accepted as drugs 
for the treatment of disease states in animals and man. For 
exan^jle, workers in the field have now identified antisense, 
triplex and other oligonucleotide therapeutic compositions 
which are capable of modulating expression of genes in^li- 
cated in viral, fungal and metabolic diseases. Numerous 
antisense oligonucleotide drugs have been safely adminis- 
tered to humans and a number of clinical trials are presentiy 
underway. Efficacy has been demonstrated for several oli- 
gonucleotide drugs, directed to both viral and cellular gene 
targets. It is thus established that oligonucleotides can be 
useful ther^eutics. 

For therapeutics, an animal suspected of having a disease 
which can be treated by decreasing the expression of MRP 
is treated by administering oligonucleotides in accordance 
with this invention. Oligonucleotides may be formulated in 
a pharmaceutical con^sition, which may include carriers, 
thickeners, diluents, buffers, preservatives, surface active 
agents, liposomes or lipid formulations and the like in 
addition to the oligonucleotide. Pharmaceutical composi- 
tions may also include one or more active ingredients such 
as antimicrobial agents, antiinflammatory agents, 
anesthetics, and the like in addition to oligonucleotide. 
Oligonucleotides may be administered in conjunction with 
conventional cancer chemotherapeutic drugs which are well 
known to those skilled in the art 

The pharmaceutical coiiq>ositions of the present invention 
may be administered in a number of ways depending upon 
whether local or systemic treatment is desired and upon the 
area to be treated. Administration may be topical (including 
ophthalmic, vaginal, rectal, intranasal, transdermal), oral or 
parenteral. Parenteral administration includes intravenous 
drip, subcutaneous, intraperitoneal or intramuscular 
injection, pulmonary administration, e.g., by inhalation or 
insufflation, or intratiiecal or intraventricular administration. 
Oligonucleotides with at least one 2'-methoxyethyl modifi- 
cation are believed to be particularly useful for oral admin- 
istration. 

Formulations for topical administration may include 
transdermal patdies, ointments, lotions, creams, gels, drops, 
suppositories, sprays, liquids and powders. Conventional 
pharmaceutical carriers, aqueous, powder or oOy bases, 
thickeners and the like may be necessary or desirable. 
Coated condoms, gloves and the like may also be useful 

Compositions for oral administration include powders or 
granules, suspensions or solutions in water or non-aqueous 
media, capsules, sachets or tablets. Thickeners, flavoring 
agents, diluents, emulsifiers, dispersing aids or binders may 
also be included. 

Compositions for parenteral, intrathecal or intraventricu- 
lar administration may include sterile aqueous solutions 
which may also contain buffers, diluents and other suitable 
additives. 

The formulation of therapeutic compositions and their 
subsequent administration is within the skill of those in the 
art. Dosing is dependent on severity and responsiveness of 
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the disease state to be treated, with the course of treatment In addition, the ability of the oligonucleotides of the 

lasting from several days to several months, or until a cure present invention to inhibit MRP synthesis in cultured 

is effected or a diminution of the disease state is achieved. diseased cells is extremely useful in distinguishing drug 

Optimal dosing schedules can be calculated from measure- resistance which is MRP-associated from that which arises 

ments of drug accumulation in the body of the patient 5 via another pathway. In case of a disease state such as 

Persons of ordinary skill can easily determine optimum cancer, oligonucleotide-treated cells from the drug resistant 

dosages, dosing methodologies and repetition rates. Opti- tumor sites can be cultured and screened for reversal of drug 

mumdosagesmay vary depending on the relative potency of resistance, i.e,. increased sensitivity to chemotherapeutic 

individual oligonucleotides, and can generally be estimated drugs as quantitated by a decrease in the IC50 values. This 

based on EC50S found to be effective in in vitro and in vivo information can be used to treat the disease state more 

animal models. In general, dosage is from 0.01 ^g to 100 g eflBcaciously. 

per kg of body weight, and may be given once or more daily. The oligonucleotides of this invention may also be used 

weekly, monthly or yearly, or even once every 2 to 20 years. for research purposes. Thus, the specific hybridization 

Persons of ordinary skill in the art can easily determine exhibited by the oligonucleotides may be used for assays, 

repetition rates for dosing based on measured residence ^5 purifications, cellular product preparations and in other 

times and concentrations of the drug in bodQy fluids or methodologies which would be appreciated by persons of 

tissues. Following successful treatment, it may be desirable ordinary skill in the art. 

to have tiie patient undergo maintenance therq)y to prevent The present invention employs oligonucleotides for use in 

the recurrence of the disease state, wherein the oligonucle- antisense inhibition of the function of RNA and DNA 

otide is administered in maintenance doses, ranging from 20 encoding multidrug resistance-associated protein (MRP). In 

0.01 ^g to 100 g per kg of body weight, once or more daily, the context of this invention, the term "oUgonucleotide" 

to once every 20 years. refers to an oligomer or polymer of ribonucleic acid or 

The present invention is also suitable for detection of deoxyribonucleic acid. This term includes oligonucleotides 

MRP overexpression in tissue or other samples from patients composed of naturaUy-occuning nucleobases, sugars and 

who have developed multidrug resistance. A number of 25 covalent intersugar (backbone) linkages as well as ohgo- 

assays may be formulated employing die present invention, nucleotides having non-naturally-occurring portions which 

which assays will commonly comprise contacting a tissue function similarly. Such modified or substituted oMgonucle- 

sample with an oligonucleotide of the invention under otides are often preferred over native forms because of 

conditions selected to permit detection, and usually desirable properties such as, for example, enhanced cellular 

quantitation, of such inhibition. For exanqjle, radiolabelled 30 uptake, enhanced affinity for nucleic acid target and 

oligonucleotides can be prepared by ^^P labeling at the 5' increased stability in the presence of nucleases. A discussion 

end with polynucleotide kinase. Sambrook et al.. Molecular of antisense oligonucleotides and some desirable modifica- 

Cloning, A Laboratory Manual Cold Spring Harbor Labo- tions can be found in De Mesmaeker et al., Acc, Chem. Res, 

ratory Press, 1989, Volume 2, pg. 10.59. Radiolabeled 1995, 28, 366-374, 

oligonucleotides are then contacted with tissue or cell 35 Specific examples of some preferred oligonucleotides 
san^jles suspected of MRP overexpression or with RNA envisioned for this invention include those containing modi- 
extracted from such samples. The sample is then washed to fied backbones, for example, phosphorothioates, 
remove unbound oligonucleotide. Radioactivity remaining phosphotriesters, methyl phosphonates. short chain alkyl or 
in the sample indicates bound oligonucleotide (which in turn cycloalkyl intersugar link^es or short chain heteroatomic or 
indicates expression of the nucleic acids encoding MRP) and 40 heterocyclic intersugar linkages. Most preferred are oligo- 
can be quantitated using a scintillation counter or other nucleotides with phosphorothioate backbones and those 
routine means. Con^arison to appropriate controls allows with heteroatom backbones, particularly CH^ — NH — O — 
overexpression of MRP to be determined. Radiolabeled CHj. CH2 — ^N(CH3) — O — CH2 [known as a methylene 
oligonucleotide can also be used to perform autoradiography (methylimino) or MMI backbone], CHj — O — N(CH3) — 
of tissues to determine the localization, distribution and 45 CH^, CHj — ^N(CH3) — ^N(CH3) — CHj and O — NCCHa) — 
quantitation of MRP overexpression for research, diagnostic CHj — CHj backbones, wherein the native phosphodiester 
and therapeutic purposes. In such studies, tissue sections are backbone is represented as O — ^P — O — CH^. The amide 
treated with radiolabeled oligonucleotide and washed as backbones disclosed by De Mesmaeker et al. (Acc. Chem. 
described above, then exposed to photographic emulsion Res. 1995, 28, 366-374) are also preferred. Also preferred 
according to routine autoradiography procedures. The 50 are oligonucleotides having morphotino backbone structures 
emulsion, when developed, yields an image of sOver grains (Summerton and WeUer, U.S. Pat No, 5,034,506). In other 
over the regions expressing MRP. Quantitation of the silvo* preferred embodiments, such as the peptide nucleic acid 
grains permits MRP overexpression to be detected. (PNA) backbone, the phosphodiester backbone of the oU- 
Analogous assays for fluorescent detection of MRP gonucleotide is replaced wifli a polyamide backbone, the 
expression can be developed using oligonucleotides of the 55 nucleobases being bound directiy or indirectiy to the aza 
invention which are conjugated with fluorescein or other nitrogen atoms of the polyamide backbone (Nielsen et al., 
fluorescent tag instead of radioiabehng. Such conjugations Science 1991, 254, 1497), 

are routinely accomplished during solid phase synthesis Oligonucleotides may also contain one or more substi- 

using fluorescently-labeled anudites or CPG (e.g., tuted sugar moieties. Preferred oligonucleotides comprise 

fluorescein-labeled amidites or CPG available from Glen 60 one of the foOowing at the 2' position: OH, SH. SCH3, F, 

Research, SterUng, Va. See 1993 Catalog of Products for OCN, OCH3OCH3, OCH30(CH2)„CH3, 0(CH2)„NH2 or 

DNA Research, Glen Research, Sterling, Va,, pg. 21). 0(CH2)„CH3 where n is from 1 to about 10; Cj to C^o ^^wer 

Each of tiiese assay formats is known in the art. One of al^l, alkoxyalkoxy, substituted lower alkyl, alkaryl or 

skill could easily adapt tiiese known assays for detection of aralkyl; CI; Br; CN; CF3; OCF3; 0-, S-, or N-alkyl; 0-, S-, 

MRP expression in accordance with the teachings of the 65 or N-alkenyl; SOCH3; SO2CH3; ONO2; NO2; N3; NH^; 

invention providing a novel and useful means to detect MRP heterocycloalkyl; heterocycloalkaryl; aminoalkylamino; 

expression. polyalkylamino; substituted silyl; an RNA cleaving group; a 
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reporter group; an intercalator; a gxoup for improving the 
pharmacokinetic properties of an oligonucleotide; or a group 
for improving the pharmacodynainic properties of an oligo- 
nucleotide and other substituents having similar properties. 
A preferred modification includes 2'-methoxyethoxy [2'-0- 5 
CH2CH2OCH3, also knov^n as 2'-0-(2-methoxyethyl)l 
(Martin et al., Helv, Chim. Acta 1995, 78, 486). Other 
preferred modifications include 2'-meAoxy (2'-0-CH3), 
2'-propoxy (2'-OCH2CH2CH3) and X-fluoro (2'-F). Similar 
modifications may also be made at other positions on the 10 
oligonucleotide, particularly the 3' position of the sugar on 
die 3' terminal nucleotide and the 5* position of 5' terminal 
nucleotide. Oligonucleotides may also have sugar mimetics 
such as cyclobutyls in place of the pentofuranosyl group. 

Oligonucleotides may also include, additionally or 15 
alternatively, nucleobase (often referred to in the art simply 
as "base") modifications or substitutions. As used herein, 
'^unmodified" or "natural" nucleobases include adenine (A), 
guanine (G), thymine (T), cytosine (C) and uracil (U). 
Modified nucleobases include nucleobases found only infre- 20 
quently or transiently in natural nucleic acids, e.g.. 
hypoxanthine, 6-methyladenine, 5-me pyrimidines, particu- 
larly 5-methylcytosine (also referred to as 5-methyi- 
2'deoxycytosine and often referred to in the art as 5-me-C), 
5-hydroxymethylcytosine (HMC), glycosyl HMC and gen- 25 
tobiosyl HMC, as weU as synthetic nucleobases, e.g., 
2-aminoadenine, 2-thiouracil, 2-thiothymine, 
5-bromouracil, 5 -hydroxy methyluracil, 8-azaguamne, 
7-deazaguanine, N^(6-aniinohexyl)adenine and 2,6- 
diaminopurine. Komberg, A., DNA Replication, W. H. Free- 30 
man & Co., San Francisco, 1980, pp 75-77; Gebeyehu, G., 
et al. NucL Acids Res, 1987, 15,4513). A "universal" base 
known in the art, e.g., inosine, may be included. 5-me-C 
substitutions have been shown to increase nucleic acid 
duplex stability by 0.6°-l .2° C. (Sanghvi, Y. S., in Antisense 35 
Research and Applications, Crooke and Lebleu, eds., CRC 
Press, Boca Raton, 1993, pp. 276-278) and are presently 
preferred base substitutions. 

Another modification of the oligonucleotides of the inven- 
tion involves chemically linking to the oligonucleotide one 40 
or more moieties or conjugates which enhance the activity or 
cellular uptake of the oligonucleotide. Such moieties include 
but are not limited to lipid moieties such as a cholesterol 
moiety, a cholesteryl moiety (Letsinger et al. Proc. Natl. 
Acad. Sci. USA 1989, 86, 6553), cholic acid (Manoharan et 45 
al. Bioorg. Med. Chem, Let. 1994, 4, 1053), a thioether, e.g., 
hexyl-S-tritylthiol (Manoharan et al. Ann. N.Y, Acad. Sci. 

1992, 660, 306; Manoharan et al. Bioorg. Med, Chem. Let. 

1993, 3, 2765), a thiocholesterol (Oberhauser et al. NucL 
Acids Res, 1992, 20, 533), an aliphatic chain, e.g., dodecan- 50 
diol or undecyl residues (Saison-Behmoaras et al. EMBO J. 
1991, 10, 111; Kabanov et al. FEBS Lett. 1990, 259, 327; 
Svinarchuk et al. Biochimie 1993, 75, 49), a phospholipid, 
e.g., di-hexadecyl-rac-glycerol or triethylanomonium 1,2-di- 
0-hexadecyl-rac-glycero~3-H-phosphonate (Manoharan et 55 
al. Tetrahedron Lett. 1995, 36, 3651; Shea et al. Nucl. Acids 
Res. 1990, 18, 3777), a polyamine or a polyethylene glycol 
chain (Manoharan et al. Nucleosides <& Nucleotides 1995, 
14, 969), or adamantine acetic add (Manoharan et al. 
Tetrahedron Lett. 1995, 36, 3651), a palmityl moiety 60 
(Mishra et al. Biochim. Biophys. Acta 1995, 1264, 229), or 

an octadecylamine or hexylamino-carbonyl-oxycholesterol 
moiety (Crooke et al. /. Pharmacol Exp. Then 1996, 277, 
923). Oligonucleotides co^^>rising lipophilic moieties, and 
methods for preparing such oligonudeotides are known in 65 
the art, for exan^jle, U.S. Pat. Nos. 5,138,045, 5,218,105 and 
5,459,255. 
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The oligonucleotides of the invention may be provided as 
prodrugs, which comprise one or more moieties which are 
cleaved off, generally in the body, to yield an active oligo- 
nucleotide. One example of a prodrug approach is described 
by Lnbach et al. in WO Publication 94/26764. 

It is not necessary for all positions in a given oligonucle- 
otide to be uniformly modified and, in fact, more than one 
of the aforementioned modifications may be incorporated in 
a single otigonucleotide or even within a single nucleoside 
within an oligonucleotide. The present invention also 
includes oligonucleotides which are chimeric oligonucle- 
otides. "Chimeric" oligonucleotides or "chimeras," in the 
context of this invention, are oligonucleotides which contain 
two or more chemically distinct regions, each made up of at 
least one nucleotide. These oligonucleotides contain at least 
one region wherein the oligonucleotide is modified so as to 
confer upon the oligonucleotide increased resistance to 
nuclease degradation, increased cellular uptake, and/or 
increased binding affinity for the target nucleic acid. An 
additional region of the oligonucleotide may serve as a 
substrate for enzymes capable of cleaving RNA:DNA or 
RNA:RNA hybrids. By way of example, RNase H is a 
cellular endonuclease which cleaves the RNA strand of an 
RNArDNA duplex. Activation of RNase H, therefore, results 
in cleavage of the RNA target, thereby greatiy enhancing the 
efficiency of antisense inhibition of gene expression. 
Consequently, comparable results can often be obtained with 
shorter oligonucleotides when chimeric oUgos are used, 
compared to phosphor othioate deoxyoligonucleotides 
hybridizing to ^e same target region. Cleavage of the RNA 
target can be routinely detected by gel electrophoresis and. 
if necessary, assodated nucleic acid hybridization tech- 
niques known in the art. T^ically, chimeric oligonucle- 
otides are "gapped" oligonucleotides (or "gapmers") in 
which a region of deoxynucleotides (the "g^"), preferably 
containing at least four contiguous deoxynucleotides, is 
fianked by regions of modified nucleotides, preferably 
2'-sugar modified nucleotides. In a preferred embodiment, 
the flanking regions (or *^vings") contain 2'-alkoxy or 
2"alkoxyalkoxy modifications, more preferably 
2'-methoxyethoxy. In preferred embodiments the backbone 
may be phosphorothioate throughout or may be phosphodi- 
ester in the *Vings" and phosphorothioate in the "gap". In 
other preferred embodiments, chimeric oligonucleotides 
may be **winged" oligonucleotides (or "wingmers" or 
hemichimeras) in which there is a deoxy "gap", preferably 
at least 4 contiguous deoxynucleotides, fianked on either the 
5* or the 3' side by a region of modified nucleotides. Again, 
the flanking region (or "wing") preferably contains 
2'-alkoxy or 2'alkoxyalkoxy modifications, more preferably 
2'-mefhoxyethoxy and the backbone may be phosphorothio- 
ate throughout or may be phosphodiester in the **wing" and 
phosphorothioate in die "gap". Other configurations of chi- 
meric oligonucleotide are also comprehended by this inven- 
tion. These may involve other modifications of the sugar, 
base or backbone, preferably in the oligonucleotide wing(s). 

The oHgonucleotides in accordance with this invention 
preferably comprise from about 8 to about 30 nucleotides. It 
is more preferred that such oligonucleotides con^jrise from 
about 12 to 25 nucleotides. As will be appreciated, a 
nucleotide is a base-sugar combination suitably bound to an 
adjacent nucleotide through phosphodiester or other bonds. 

The oligonudeotides used in accordance with this inven- 
tion may be conveniently and routinely made through the 
well-known techiuque of solid phase synthesis. Equipment 
for such synthesis is sold by several vendors including 
Applied Biosystems. Any other means for such synthesis 
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may also be employed; however, the actual synthesis of the 
oligonucleotides is well within the talents of the routineer. It 
is also known to use similar techniques to prepare other 
oligonucleotides such as the phosphorothioates and alky- 
lated derivatives. 

It is preferred to target specific genes for antisense attack. 
*Targeting" an oligonucleotide to a particular nucleic acid, 
in the context of this invention, is a multistep process. The 
process usually begins with the identification of a nucleic 
acid sequence whose function is to be modulated. This may 
be, for example, a cellular gene (or mRNA transcribed from 
the gene) whose expression is associated with a particular 
disorder or disease state, or a nucleic acid from an infectious 
agent. In the present invention, the target is a nucleic acid 
encoding multidrug resistance-associated protein. The tar- 
geting process also includes determination of a site or sites 
within this gene for the oligonucleotide interaction to occur 
such that the desired effect, e.g., detection or modulation of 
expression of the protein, will result. Within the context of 
die present invention, a preferred intragenic site is the region 
encompassing the translation initiation or termination codon 
of the open reading frame (ORF) of the gene. Because, as is 
known in the art, the translation initiation codon is typically 
5'-AUG (in transcribed mRNA molecules; S'-ATG in the 
corresponding DNA molecule), the translation initiation 25 
codon is also referred to as the "AUG codon,*' the "start 
codon'* or the "AUG start codon". A minority of genes have 
a translation initiation codon having the RNA sequence 
5'-GUG, 5'-UUG or 5 -CUG, and 5"-AUA, 5'-ACG and 
5'-CUG have been shown to function in vivo. Thus, the 3C 
terms "translation initiation codon" and "start codon" can 
encompass many codon sequences, even diough the initiator 
amino acid in each instance is typically methionine (in 
eukaryotes) or formylmethionine (prokaryotes). It is also 
known in the art that eukaryotic and prokaryotic genes may 35 
have two or more alternative start codons, any one of which 
may be preferentially utilized for translation initiation in a 
particular cell type or tissue, or under a particular set of 
conditions. In the context of the invention, "start codon" and 
^translation initiation codon" refer to the codon or codons 40 
that are used in vivo to initiate translation of an mRNA 
molecule transcribed from a gene encoding MRP, regardless 
of the sequence(s) of such codons. It is also known in the art 
that a translation termination codon (or "stop codon") of a 
gene may have one of three sequences, i.e., 5'-UAA, 5'-UAG 45 
and 5 -UGA (the corresponding DNA sequences are 5'-TAA, 
5-TAG and 5"-TGA, respectively). The terms "start codon 
region" and ^translation initiation codon region" refer to a 
portion of such an mRNA or gene that encompasses from 
about 25 to about 50 contiguous nucleotides in either so 
direction (i.e., 5' or 3') from a translation initiation codon. 
Similarly, the terms "stop codon region" and 'translation 
termination codon region" refer to a portion of such an 
mRNA or gene that encompasses from about 25 to about 50 
contiguous nucleotides in either direction (i.e., 5' or 3') from 55 
a translation termination codon. The open reading frame 
(ORF) or "coding region", which is known in the art to refer 
to the region between the translation initiation codon and the 
translation termination codon, is also a region which may be 
targeted effectively. Other target regions include the 5* 60 
untranslated region (5'UTR), known in the art to refer to the 
portion of an mRNA in the 5' direction from the translation 
initiation codon, and thus including nucleotides between the 
5' cap site and the translation initiation codon of an mRNA 
or corresponding nucleotides on the gene) and the 3' untrans- 
lated region (3'UTR), known in the art to refer to the portion 
of an mRNA in the 3' direction from die translation termi- 



nation codon, and thus including nucleotides between the 
translation termination codon and 3' end of an mRNA or 
corresponding nucleotides on the gene). The transcription 
initiation site, or "5' cap site" and the 5' cap region (which 
encompasses from about 25 to about 50 contiguous nucle- 
otides at the extreme 5" terminus of a capped mRNA) may 
also be effective targets. mRNA splice sites may also be 
preferred target regions, and are particularly useful in situ- 
ations where aberrant splicing is implicated in disease, or 
where an overproduction of a particular mRNA splice prod- 
uct is implicated in disease. Where gene deletion rearrange- 
ments exist, aberrant fusion junctions are also preferred 
targets. Once the target site has been identified, oligonucle- 
otides are chosen which are sufBcientiy complementary to 
the target, i.e., hybridize sufl&cientiy well and with sufficient 
specificity, to give the desired effect under conditions in 
which specific hybridization is desired, i.e., under physi- 
ological conditions in the case of in vivo assays or thera- 
peutic treatment or, in the case of in vitro methods, under 
conditions in which the methods are used. In preferred 
embodiments of the present invention, the oligonucleotides 
are specifically hybridizable with a transcription initiation 
site, a translation initiation site, coding sequences and 
sequences in the 5'- and 3'-untranslated regions of mRNA 
encoding MRR 

MRP belongs to the superfamily of ATP-binding cassette 
transport systems. This family includes the cystic fibrosis 
transmembrane conductance regulator, P-glycoprotein, and 
other transport proteins. The human MRP protein is 1531 
amino acids in length and is encoded by an mRNA which is 
approximately 6.5 kb in length. Cole et al. Science 1992. 
258, 1650-1654; Cole et al. Science 1993, 260, 879 
(sequence correction); Slovak et al. Cancer Res, 1993, 53, 
3221-3225. Antisense oligonucleotides (shown in Table 1) 
were designed to be specifically hybridizable with sequences 
in the 5'-untranslated region, 3 -untranslated region and 
coding region of the MRP gene. The sequence of the MRP 
gene is available in publications [Cole et al. Science 1992, 
258, 1650-1654; Cole et al. Science 1993, 260, 879 
(sequence correction)] or through Genbank accession num- 
ber L05628. 

TABLE 1 

Antisense Oligonucleotides Specifically Hybridizable With MRP 





TARGET 




SEQ 


ISIS# 


REGION 


SEQUENCE 


ID NO: 


7607 


5MJTR 


CGG GGC CGC AAC GCC GCC UG 


1 


7608 


5'UTR 


CGG GGC CGC AAC GCC GCC TG 


2 


7606 


5UTR 


GGT GAT CGG GCC CGG TTG CT 


3 


7595 


5' UTR 


CCG GTG GCG CGG GCG GCG GC 


4 


7592 


AUG 


AGC CCC GGA GCG CCA TGC CG 


5 


7593 


Coding 


TCG GAG CCA TCG GCG CTG CA 


6 


7594 


Coding 


GGC ACC CAC ACG AGG ACC GT 


7 


7597 


Coding 


TGC TGT TCG TGC CCC CGC CG 


8 


7598 


Coding 


CGC GCT GCT TCT GGC CCC CA 


9 


7599 


Coding 


GCG GCG ATG GGC GTG GCC AG 


10 


7600 


Coding 


CAG GAG GTC CGA TGG GGC GC 


11 


7601 


Coding 


GCT CAC ACC AAG CCG GCG TC 


12 


7603 


3' UTR 


AGG CCC TGC AGT TCT GAC CA 


13 


7605 


3'UTR 


CrC CTC CCT GGG CGC TGG CA 


14 


7602 


y UTR 


ACC GGA TGG CGG TGG CTG CT 


15 


7604 


3'UTR 


CGC ATC TCT GTC TCT CCT GG 


16 



65 



Preferred oligonucleotides useful in the invention com- 
prise one of these sequences, or part thereof. 

H69AR cells were treated with phosphorothioate oligo- 
nucleotides (SEQ ID NO: 1-16) in the presence of LIPO- 
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FECTIN™ (GIBCO/BRL) as described in the following 
exajnples. Oligonucleotides ISIS 7597 and ISIS 7598 (SEQ 
ID NO: 8 and SEQ ID NO: 9), both specifically hybridizable 
to the coding region of MRE consistently inhibited steady- 
state MRP protein levels by greater than 30% compared to 
LIPOFECTIN™ controls in multiple ELBA experiments. In 
one experiment, ISIS 7597 inhibited MRP protein levels by 
over 95%. Oligonucleotides ISIS 7597 and 7598 are there- 
fore preferred. It should be noted that the ELISA assay 
measures steady-state levels of MRP protein; because of the 
long half-life of the MRP protein, complete inhibition of 
MRP protein synthesis would be expected to be reflected as 
a decrease, but not complete loss, of MRP protein in these 
assays. This level of inhibition in this assay is considered to 
be significant. In Northern blot analysis of the effects of ISIS 
7597 and 7598 on MRP noRNAlevels, both oligonucleotides 
were demonstrated to virtually eliminate MRP mRNA 
expression. 

Based on results obtained with the oligonucleotides of 
Table 1, additional phosphorothioate oligonucleotides were 
designed. These oligonucleotides are shown in Table 2. 

TABLE2 



Phosphorothioate Antisense Oligonucleotides 
SpecificaUv Hybridizable With MRP 





TARGET 




SEQ 


ISIS # 


REGION 


SEQUENCE 


ID NO: 


8356 


AUG 


CAG AAG CCC CGG AGC GCC AT 


17 


8358 


Coding 


GCC CCC GCC GTC TTT GAC AG 


18 


8359 


Coding 


GTG ATG CTG TTC GTG CCC CC 


19 


8357 


Coding 


CrC ACG GTG ATG CTG TIC GT 


20 



12 



TABLE 2-continued 



Phosphorothioate Antisense Oligonucleotides 
Specifically Hybridizable With MRP 



TARGET SEQ 



ISIS # 


REGION 


SEQUENCE 


ID NO: 


8362 


Coding 


CCC CCA GAC AGG TTC ACG CC 


21 


8361 


Coding 


CTG GCC CCC AGA CAG GTT CA 


22 


8360 


Coding 


GCC AGG CTC ACG CGC TGC TT 


23 


8363 


3' UTR 


CAC AGC CAG TTC CAG GCA GG 


24 


8364 


3' UTR 


CCT GGG TCT TCA CAG CCA GT 


25 



15 Chimeric oligonucleotides having SEQ ID NO: 8 were 
prepared. These oligonucleotides had uniform phospho- 
rothioate backbones and central "gap" regions of 8 deoxy- 
nucleotides flanked by 2 regions of 2'-0-propyl modified 
nucleotides (ISIS 9659) or 2'-fluoro modified nucleotides 

20 (ISIS 9661). 

Further, chimeric oligonucleotides having SEQ ID NO: 9 
were prepared. These oligonucleotides had uniform phos- 
phorothioate backbones and central "gap" regions of 8 
25 deoxynucleotides flanked by 2 regions of 2'-0-propyl modi- 
fied nucleotides (ISIS 9660) or 2'-fluoro modified nucle- 
otides (ISIS 9662). 

Additional oligonucleotides targeted to human MRP were 
^0 synthesized. These are shown in Table 3. ISIS 9659, 9661, 
1 147 1, 11468 and 1 1469 have all been shown to inhibit MRP 
expression in a dose- and sequence-dependent manner. 
Canitrot et al. Anti-Cancer Drugs 1996, 7(suppl. 3), 93-99. 



25 



TABLE 3 







Antisense Oligonucleotides Targeted to MRP 




ISIS# 


TARGET REGION 


SEQUENCE 


MODIFICAnON 


SEQ ID NO: 


9567 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-F 


8 


11468 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-F 


8 


11469 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-F 


8 


11584 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-F 


8 


11585 


Coding 


CGC GCT GCT TCT GGC CCC CA 


PS/2'-F 


9 


11586 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-F 


8 


11471 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-0-propyl 


8 


11077 


CodiDig 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-0-hexyIaniii»- 


8 








cholesterol 




9658 


Sense 


CGG CGG GGG CAC GAA CAG CA PS 


26 


12680 


Sense 


CGG CGG GGG CAC GAA CAG CA PS/2"-0-propyI 


26 



TABLE 4 



Antisense OligoQUcleotidcs Tariaeted to MRP 



ISIS# 


TARGET REGION 


SEQUENCE 


MODIFICAnON 


SEQ ID NO: 


13038 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PO/PS/2'-MOE 


8 


13039 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2*-MOE 


8 


13040 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PO/PS/2'-M0E 


8 


13041 


Coding 


TGC TGT TCG TGC CCC CGC CG 


PS/2'-MOE 


8 


15479 


Sense control 


CGG CGG GGG CAC GAA CAG CA 


PS/2'-MOE 


26 


15480 


Sense control 


CGG CGG GGG CAC GAA CAG CA 


PS/2'-MOE 


26 


13042 


Scrambled 


TCG TGG CCG CGT TCT CCC CG 


PS/2*-MOE 


27 


13043 


Scrambled 


TCG TGG CCG CGT TCT CCC CG 


PO/PS/2'-MOE 


27 


13044 


Scrambled 


TCG TGG CCG CGT TCT CCC CG 


PO/PS/2'-MOE 


27 


13045 


Scrambled 


TCG TGG CCG CGT TCT CCC CG 


PS/2'-MOE 


27 


15477 


Scrambled 


CGT GTT GCT CGT GCC CGC CC 


PS/2'-MOE 


28 


15478 


Scrambled 


CGT GTT GCT CGT GCC CGC CC 


PS/2'-MOE 


28 



5,8{ 

13 

Reversal of drug resistance in HeLa T5 cells following 
treatment with 2-methoxyethoxy antisense oligonucleotides 

T5 cells are drug-resistant transfected HeLa cells which 
express elevated levels of MRP, They were obtained by 
stable transfection with an MRP cDNA expression vector. 
CI HeLa cells were transfected with the vector alone and 
serve as controls. Canitrot et al. Anti-Cancer Drugs 1996, 7 
(suppL 3), 93-99, T5 and CI cells were treated with anti- 
sense oligonucleotide (500 nM in the presence of 
T JPOFFmNTM) as described in Canitrot et al.. supra, 
except that cells were treated twice with oligonucleotide, on 
days 1 and 4 after plating, and then exposed to either 
vincristine or doxorubicin on day 5. The MTT assay for 
chemosensitivity was done on day 8. 

The oligonucleotides tested were chimeric 
2'-methoxyethoxy oligonucleotides: ISIS 13038 (mixed 
PS/PO backbone) and ISIS 13039 (PS backbone), each of 
which has a 12-deoxynucleotide gap; their scrambled 
controls, KIS 13044 and 13045, respectively; ISIS 13040 
(mixed PS/PO backbone) and ISIS 13041 (PS backbone), 
each of which has a 8-deoxynucIeotide gap, and their 
scrambled controls, ISIS 13043 and 13042, respectively. As 
shown in Table 3. the 3'-most nucleotide of each of these 
oligonucleotides was a 2-deoxynucleotide (for ease of 
synttiesis). All were tested against both vincristine and 
doxorubicin. 

The results of these experiments are shown in FIGS. 1-4. 
The absorbance at 570 nm (Y-axis) is a measure of the viable 
cells remaining, thus low absorbance reflects cytotoxicity 
caused by the chemotherapeutic agent, vincristine or doxo- 
nibidn. CI cells are not MRP overexpressers and thus are 
not resistant to vincristine or doxorubicin and are killed 
(open circles). T5 cells overexpress MRP, are drug resistant 
and are resistant to vincristine (closed circles). 

Treatment with the antisense oligonucleotide ISIS 13041 
(PS backbone, 8-deoxy gap) gave a virtually complete 
reversal of resistance to vincristine and over 50% reversal of 
resistance to doxorubicin (FIG. 2). This oligonucleotide 
compound is, therefore, highly preferred, ISIS 13039 (PS 
backbone. 12-deoxy gap) gave approximately 70% reversal 
of resistance to vincristine and 30% reversal of resistance to 
doxorubicin (FIG. 4). This compound is also highly pre- 
ferred. ISIS 13038 (12-deoxy gap, mbted PS/PO backbone) 
gave approximately 40% reversal of resistance to 
vincristine, substantially more than control oligonucleotide 
13044, but was very similar to control when tested with 
doxorubicin (FIG. 3). ISIS 13038 is preferred. ISIS 13040 
(8-deoxy gap, PS/PO backbone) gave approximately 45% 
reversal of resistance to vincristine and doxorubicin, (FIG. 
1), but the control. ISIS 13043, also gave partial reversal. 

Reduction in MRP protein levels after double dose of 
oligo 

Levels of MRP protein were assayed by immunoblot 
analysis after cells were treated with two doses of oHgo- 
nucieotide. As shown in FIG. 5, MRP levels were reduced 
and held at low levels for at least 72 hours when treated with 
ESIS 13039 or ISIS 13041. 

Antisense inhibition of H69AR tumor xenografts in nude 
mice 

The effect of ISIS 7597 on growth of H69AR tumor 
xenografts in nude mice was examined both in comparison 
to and in combination with vincristine. Mice were implanted 
with tumor fragments and treated witii ISIS 7597 (SEQ ID 
NO: 8, P=S, 25 mg/kg), vincristine, ISIS 7597 plus 
vincristine, or saline (control). Tumor size was measured 
weekly and the results are shown in FIG. 6, ISIS 7597 
inhibited tumor growth by 30% on day 46 and by 38% on 
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day 50. This was better than vincristine alone (22% and 3 1% 
on days 46 and 50, respectively). The combination of ISIS 
7597 and vincristine gave the greatest inhibition (63% and 
70% on days 46 and 50. respectively). 
5 Several preferred embodiments of this invention are 
exemplified in accordance with the following nonlimiting 
examples, 

EXAMPLES 

Example 1 

Synthesis and characterization of oligonucleotides 
Unmodified DNA oligonucleotides were synthesized on 
an automated DNA synthesizer (Applied Biosystems model 

15 3 SOB) using standard phosphoramidite chemistry with oxi- 
dation by iodine, p-cyanoethyldiisopropyl- 
phosphoramidites were purchased from Applied Biosystems 
(Foster City, CaHf.). For phosphorothioate oligonucleotides, 
the standard oxidation bottle was replaced by a 0.2M solu- 

20 tion of 3H-l,2-benzodithiole-3-one 1,1-dioxide in acetoni- 
trile for the stepwise thiation of the phosphite linkages. The 
thiation cycle wait step was increased to 68 seconds and was 
followed by the capping step. 

2 -0-methyl phosphorothioate oligonucleotides were syn- 

25 thesized using 2'-0-methyl p-cyanoethyldiisopropyl- 
phosphoramidites (Chemgenes, Needham Mass.) and the 
standard cycle for unmodified oligonucleotides, except the 
wait step after pulse delivery of tetrazole and base was 
increased to 360 seconds. The 3 -base used to start the 

30 synthesis was a 2'-deoxyribonucleotide. 2*-0-propyl oligo- 
nucleotides were prepared by a slight modification of this 
procedure. 

2*-Fluoro phosphorothioate oligonucleotides were synthe- 
sized using 5'-dimethoxytrityl-3*-phos|^oramidites and pre- 
pared as disclosed in U.S. patent application Ser. No. 
463 358, filed Jan. 11, 1990, and 566,977, filed Aug. 13, 
1990, which are assigned to the same assignee as the instant 
application and which are incorporated by reference herein. 
The 2'-fluoro oligonucleotides were prepared using phos- 

^ phoranciidite chemistry and a slight modification of the 
standard DNA synthesis protocol: deprotection was effected 
using methanoJic ammonia at room temperature. 

2'-(2-methoxyethyl)-modified amidites are synthesized 
according to Martin. P. Heh. Chim. Acta 1995, 78,486-504. 
For ease of synthesis, the last nucleotide was a deoxynucle- 
otide. In most cases, Z-0-CH2CH20CH3-cytosines were 
5-methyl cytosines. 
Synthesis of 5-Methyl cytosine monomers 2,2 -Anhydro 

gQ [ l-(P-D-arabinofuranosyl)-5-metiiyluridine] 

5-Methyluridine (ribosylthymine, commerciaUy available 
through Yamasa, Choshi, Japan) (72.0 g, 0.279M), diphe- 
nylcarbonate (90.0 g, 0.420M) and sodium bicarbonate (2.0 
g, 0.024M) were added to DMF (300 mL). The mixture was 

55 heated to reflux, with stirring, allowing the evolved carbon 
dioxide gas to be released in a controlled manner. After 1 
hour, the sHghtiy darkened solution was concentrated under 
reduced pressure. The resulting syrup was poured into 
diethylether (2.5L), with stirring. The product formed a 

60 gum. The ether was decanted and the residue was dissolved 
in a minimum amount of methanol (ca. 400 mL). The 
solution was poured into fresh ether (2.5L) to yield a stiff 
gum. The ether was decanted and the gum was dried in a 
vacuum oven (60° C. at 1 mm Hg for 24 h) to give a solid 

65 which was crushed to a light tan powder (57 g. 85% crude 
yield). The material was used as is for further reactions. 
2'-0-Methoxyethyl-5-methyiuridine 
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2.2'-Anhydro-5-methyliiridine (195 g. 0.81M), tris(2- 
methoxyethyl)barate (231 g* 0.98M) and 2-methoxyethanol 
(1.2L) were added to a 2L stainless steel pressure vessel and 
placed in a pre-heated oil bath at 160° C. After heating for 
48 hours at 155°-160° C, the vessel was opened and the 
solution evaporated to dryness and triturated with MeOH 
(200 mL). The residue was suspended in hot acetone (IL). 
The insoluble salts were filtered, washed with acetone (150 
mL) and the filtrate evaporated. The residue (280 g) was 
dissolved in CH3CN (600 mL) and evaporated. A siMca gel 
column (3 icg) was packed in CH2Cl2/acetone/MeOH 
(20:5:3) containing 0.5% Et3NH. The residue was dissolved 
in CH2CI2 (250 mL) and adsorbed onto silica (150 g) prior 
to loading onto the column. The product was eluted with the 
packing solvent to give 160 g (63%) of product 

2'-0-Methoxyethyl-5*-0-dimethoxytrityl-5- 
methyluridine 

2'-0-Methoxyethyl-5-methyluridine (160 g, 0.506M) was 
co-evaporated with pyridine (250 mL) and the dried residue 
dissolved in pyridine (L3L). A first aliquot of dimethoxytri- 
tyl chloride (94.3 g, 0.278M) was added and the mixture 
stirred at room temperature for one hour, A second aliquot of 
dimethoxytrityl chloride (94.3 g, 0.278M) was added and 
the reaction stirred for an additional one hour. Methanol 
(170 mL) was then added to stop the reaction. HPLC showed 
the presence of approximately 70% product. The solvent 
was evaporated and triturated with CH3CN (200 mL). The 
residue was dissolved in CHCI3 (1.5L) and extracted with 
2x500 mL of saturated NaHCOg and 2x500 mL of saturated 
NaCl. The organic phase was dried over Na2S04, filtered 
and evaporated. 275 g of residue was obtained. The residue 
was purified on a 3.5 kg silica gel column, packed and eluted 
with EtOAc/Hexane/Acetone (5:5:1) containing 0.5% 
EtgNH. The pure fractions were ev^orated to give 164 g of 
product. Approximately 20 g additional was obtained from 
the impure fractions to give a total yield of 183 g (57%). 

3*-0-Acetyl-2*-0-methoxyethyl-5'-0-dimethoxytatyl-5- 
methyluridine 

2'-0-Methoxyethyl-5'-0-dimethoxytrityl-5- 
methyluridine (106 g. 0.167M), DMF/pyridine (750 mL of 
a 3:1 mixtiure prepared from 562 mL of DMF and 188 mL 
of pyridine) and acetic anhydride (24.38 naL. 0.25 8M) were 
combined and stirred at room teii^>erature for 24 hours. The 
reaction was monitored by tic by first quenching the tic 
san^le with the addition of MeOH. Upon completion of the 
reaction, as judged by tic, MeOH (50 mL) was added and the 
mixture evaporated at 35° C. The residue was dissolved in 
CHCla (800 mL) and extracted witii 2x200 mL of saturated 
sodium bicarbonate and 2x200 mL of saturated NaCl. The 
water layars were back extracted with 200 mL of CHCI3. 
The combined organics were dried with sodium sulfate and 
evaporated to give 122 g of residue (approx. 90% product). 
The residue was purified on a 3.5 kg silica gel column and 
eluted using EtOAc/Hexane (4:1). Pure product fractions 
were evaporated to yield 96 g (84%). 

3'-O-Acetyl-2'-O-metiioxyetiiyl-5*-0-dimetiioxytrityl-5- 
methyl-4-triazoleuridine 

A first solution was prepared by dissolving 3'-0-acetyl- 
2'-0-methoxyethyl-5'-0-diinethoxytrityl-5-methyluridine 
(96 g, 0.144M) in CH3CN (700 mL) and set aside. Triethy- 
lamine (189 mL, 1.44M) was added to a solution of triazole 
(90 g, L3M) in CH3CN (IL), cooled to -5° C. and stirred for 
0.5 h using an overiiead stirrer. POQ3 was added dropwise, 
over a 30 minute period, to the stirred solution maintained 
at 0^-10° C, and the resulting mixture stirred for an 
additional 2 hours. The first solution was added dropwise. 



16 

over a 45 minute period, to the later solution. The resulting 
reaction mixture was stored overnight in a cold room. Salts 
were filtered from the reaction mixture and the solution was 
evaporated. The residue was dissolved in EtOAc (IL) and 
5 the insoluble solids were removed by filtration. The filtrate 
was washed witii 1x300 mL of NaHCOj and 2x300 mL of 
saturated NaCl, dried over sodium sulfate and evaporated. 
The residue was triturated with EtOAc to give the titie 
compound, 

10 2 '-O-Methoxyethy 1-5 '-0- dimethoxytrityl- 5- 
methylcytidine 

A solution of 3'-O-acetyl-2'-0-methoxyethyl-5'-O- 
dimethoxytrityl-5-mefhyl-4-triazoleuridine (103 g, 0.141M) 
in dioxane (500 mL) and NH40H (30 mL) was stirred at 
room temperature for 2 hours. The dioxane solution was 
evaporated and the residue azeotroped with MeOH (2x200 
mL). The residue was dissolved in MeOH (300 mL) and 
transferred to a 2 liter stainless steel pressure vessel. MeOH 
(400 mL) saturated with NH^ gas was added and the vessel 
heated to 100° C. for 2 hours (tic showed complete 
conversion). The vessel contents were ev^x>rated to dryness 
and the residue was dissolved in EtOAc (500 mL) and 
washed once with saturated NaCl (200 mL). The organics 
were dried over sodium sulfate and the solvent was evapo- 
rated to give 85 g (95%) of the titie compound. 

N^-Benzoyl-2'-0-methoxyethyl-5'-0-dimethoxytrityl-5- 
methylcytidine 

2'-0-Methoxyethyl-5'-0-dimethoxytrityl-5- 
metiiylcytidine (85 g, 0.134M) was dissolved in DMF (800 
mL) and benzoic anhydride (37,2 g, 0.165M) was added 
with stirring. After stirring for 3 hours, tic showed tiie 
reaction to be approximately 95% con^>lete. The solvent 
was evaporated and the residue azeotroped with MeOH (200 
35 mL). The residue was dissolved in CHQa (700 mL) and 
extracted with saturated NaHC03 (2x300 mL) and saturated 
NaCl (2x300 mL), dried over MgS04 and evaporated to give 
a residue (96 g). The residue was chromatographed on a 1.5 
kg silica column using EtOAc/Hexane (1:1) containing 
^ 0.5% EtjNH as the eluting solvent. The pure product frac- 
tions were evaporated to give 90 g (90%) of the titie 
compound. 

N'^-Benzoyl-2*-0-methoxyethyl-5*-0-dimethoxytrityl-5- 
methylcytidine-3'-amidite 

45 N^-Benzoyl-2'-0-methoxyethyl-5'-O-dimethoxytrityl-5- 
metiiylcytidine (74 g, O.IOM) was dissolved in CH2CI2 (IL). 
Tetrazole diisopropylamine (7.1 g) and 2-cyanoethoxy-tetra- 
(isopropyl)phosphite (40.5 mL, 0.123M) were added with 
stirring, under a nitrogen atmosphere. The resulting mixture 

50 was stirred for 20 hours at room tenqjerature (tic showed the 
reaction to be 95% complete). The reaction mixture was 
extracted with saturated NaHCOs (1x300 mL) and saturated 
NaCl (3x300 mL). The aqueous washes were back-extracted 
with CH2CI2 (300 mL) and the extracts were combined, 

55 dried over MgS04 and concentrated. The residue obtained 
was chromatographed on a 1.5 kg silica column using 
EtOAc\Hexane (3:1) as the eluting solvent. The pure firac- 
tions were combined to give 90.6 g (87%) of the titie 
con:q)ound. 

60 2'-0-hexylaminocholesterol nucleosides were synthe- 
sized and incorporated into oligonucleotides according to 
Manoharan et al. Tetrahedron Lett. 1995, 36, 3651-3654. 

After cleavage firom the controlled pore glass column 
(Applied Biosystems) and deblocking in concentrated 

65 ammonium hydroxide at 55° C. for 18 hours, the oligonucle- 
otides were purified by precipitation twice out of 0.5M NaCl 
with 2.5 volumes ethanol. Analytical gel electrophoresis was 
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accomplished in 20% acrylamide, 8M urea, 45 inM Tris- 
borate buffer, pH 7.0. Oligodeoxynucleotides and phospho- 
rothioate oligonucleotides were judged from electrophoresis 
to be greater than 80% full length material. 

The relative amounts of phosphorothioate and phosphodi- 
ester linkages obtained by this synthesis were periodically 
checked by ^^P NMR spectroscopy. The spectra were 
obtained at ambient temperature using deuterium oxide or 
dimethyl suifoxide-d^ as solvent. Phosphorothioate samples 
typically contained less than one percent of phosphodiester 
linkages. 

Example 2 

Selection and maintenance of multidrug resistant cell line 
H69AR cells 

H69AR, a doxorubidn-resistant human small cell lung 
carcinoma cell line, was selected and maintained as 
described in MirsM et al. Cancer Res, 1987, 47. 2594-2598. 

Example 3 

Lipofection and oligonucleotide treatment of H69AR 
cells for analysis by whole cell ELISA 

1.5x10* cells were plated into 35 mm tissue culture wells 
and allowed to attach overnight. The cells were then washed 
twice with 3 ml of serum-free medium prior to lipofection. 
Oligonucleotides were added to a concentration of 0.3 in 
1 ml of serum-free medium in a polystyrene tube. 10 ^1 of 
UPOFECTIN™ (GIBCO-BRL) was then added and the 
mixture was vortexed. After ten minutes at room 
temperature, the DNA/LIPOFECTINFm suspension was 
added to the cells and incubated for four hours at 37'' C. 
After this incubation, 1 mi of 20% Hyclone serum in RPMI 
was added and left at 37° C. overnight. The next day the 
suspension was removed and replaced with fresh medium. 
On the following day, the lipofection was repeated as before 
and the cells were harvested 48 hours after the second 
lipofection. 

Example 4 

Whole CeU ELISA of H69AR Cells after OUgonucleotide 
Treatment 

Cells were harvested, counted and washed twice with 
PBS. Cells were resuspended at 0.5-1x10^ cells/ml in PBS 
and 100 ^1 was plated in each well of an ELISA plate. Plates 
were dried overnight at 37^ and autocrosshnked twice in a 
Stratalinker (Stratagene, La Jolla, Calif.). Plates were rehy- 
drated in TBST, 200 plAvell for 2x5 minutes. Wells were 
blocked for 1.5-2 hours at room temperature with 200 |il 
TBST containing 5% NGS, 1% BSA. Primary antibody [50 
|il of monoclonal antibody 3.186; MirsM et al. Cancer Res. 
1989, 49, 5719^5724] diluted in blocking solution was 
added and plates were incubated for 1.5-2 hours in a 
humidified chamber at room temperature. Plates were 
washed 3x5 minutes with 200 TBST. Plates were incu- 
bated with 50 ^1 secondary antibody diluted in blocking 
solution for 1-L5 hours at room temperature in a humidified 
chamber. Plates were washed for with 200 ^1 TBST, 3x5 
minutes. Color detection was by horseradish peroxidase 
[incubated with 100 \A OPD/H^Oj/citrate buffer (250 pi 10 
mg/ml OPD in methanol/25 pi 3% H20^24,8 ml 0.05M 
citrate pH 5)] in the dark for 30 minutes at room 
ten^rature, stop reaction with 25 pi 8N H2SO4, and read 
absorbance at 490 nm] or by alkaline phosphatase [incubate 
with 50 pi substrate solution (1 PNPP tablet in 5 ml 50 mM 
NaHCOa, pH 9.6, 1 mM MgClj) for 30 minutes in humid 
chamber at room temperature, stop reaction with 50 pi 0.4M 
NaOH. read absorbance at 405 nm]. 
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Example 5 

RNA Analysis of H69AR Cells Treated with Antisense 
Oligonucleotides Specifically Hybridizable with MRP 
10x10^ cells were plated per T75 flask and allowed to 

5 attach overnight. Cells were washed twice with serum-free 
medium before incubation with 6 ml of oligonucleotide/ 
LIPOFECTTN™ suspension (0.3 pM oligonucleotide; 10 pi 
LIPOFECTINf" per nd of serum-free medium) at 37"" C. for 
4 hours after which 6 ml of 20% Hyclone serum in RPMI 

jg was added and left overnight Fresh medium was added the 
next day. On the following day polyadenylated RNA was 
isolated using a MICRO-FASTTRACK mRNA isolation kit 
(InVitrogen). The RNA was then separated by electrophore- 
sis on a formaldehyde-agarose denaturing gel and then 
transferred to a nylon membrane (Zetaprobe, Biorad). The 
membrane was prehybridized in 50% formamide, 5xSSC, 
SxDenhardt's solution, 1% SDS and 100 pg/ml sheared, 
denatured herring testis DNA for 4 hours at 42° C. The 
membrane was then hybridized overnight at 42^ C. with a 
2.0 kb cDNA fragment of MRP labelled with [a-^^]dCrP 

20 using a random prime kit (GIBCO/BRL). The blot was 
washed three times in 0.1% SDS and O.lxSSC for 20 
minutes at 52° C. and autoradiographed. Only in overloaded 
lanes was any RNA detectable as a faint band after oligo- 
nucleotide treatment with ISIS 7597 and 7598. 

25 Example 6 

Diagnostic assay for MRP-associated tumors using 
xenografts in nude niice 

Tumors arising from MRP overexpression are diagnosed 
and distinguished from other tumors using this assay. A 

30 biopsy sample of the tumor is treated, e.g., with collagenase 
or trypsin or other standard methods, to dissociate the tumor 
mass. 5x10* tumor cells are implanted in the inner thighs of 
two or more nude mice. Antisense oligonucleotide sus- 
pended in saline is administered to one or more mice by 

35 intrapmtoneal injection three times weekly beginning on 
day 4 after tumor cell inoculation. Saline only is given to a 
control mouse. Oligonucleotide dosage is 25 mg/kg. Tumor 
size is measured and tumor volume is calculated on the 
eleventh treatment day. Tumor volume of the 

4Q oligonucleotide-treatcd mice is compared to that of the 
control mouse. The volume of MRP-associated tumors in the 
treated mice are measurably smaller than tumors in the 
control mouse. TYmiors arising from causes other than MRP 
overexpression are not expected to respond to the oligo- 

45 nucleotides targeted to the nucleic acids encoding MRP and, 
therefOTe, the tumor volumes of oligonucleotide-treated and 
control mice are equivalent 
Exanple 7 

Detection of MRP overexpression 

50 Oligonucleotides are radiolabeled after synthesis by ^^P 
labeling at the 5' end with polynucleotide kinase. Sambrook 
et al., ^^Molecular Cloning. A Laboratory Manual'^ Cold 
Spring Harbor Laboratory Press, 1989, Volume 2, pg. 
1 1.3 1-11.32. Radiolabeled oligonucleotide is contacted with 

55 tissue or cell san^Dles suspected of MRP overexpression, 
such as tumor biopsy samples, under conditions in which 
specific hybridization can occur, and the sair^le is washed 
to remove unbound oligonucleotide. A similar control is 
maintained wherein the radiolabeled oligonucleotide is con- 

60 tacted with normal cell or tissue sample under conditions 
that allow specific hybridization, and the sample is washed 
to remove unbound oligonucleotide. Radioactivity remain- 
ing in the sample indicates bound oligonucleotide and is 
quantitated using a scintillation counter or other routine 

65 means. Con^arison of the radioactivity remaining in die 
samples from normal and tumor cells indicates overexpres- 
sion of MRP. 
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Radiolabeled oligonucleotides of the invention are also 
useful in autoradiography. Tissue sections are treated with 
radiolabeled oligonucleotide and washed as described 
above, then exposed to photographic emulsion according to 
standard autoradiography procedures. A control with normal 
cell or tissue sample is also maintained. The emulsion, when 
developed, yields an image of silver grains over the regions 
expressing MRP, which is quantitated. The extent of MRP 
overexpression is determined by comparison of the silver 
grains observed with normal and tumor cells. 

Analogous assays for fluorescent detection of MRP over- 
expression use oligonucleotides of the invention which are 
labeled with fluorescein or other fluorescent tags. Labeled 
DNA oligonucleotides are synthesized on an automated 
DNA synthesizer (Applied Biosystems model 380B) using 
standard phosphoramidite chemistry with oxidation by 
iodine, p-cyanoethyldiisopropyl phosphoramidites are pur- 
chased from Applied Biosy stems (Foster City, Calif.). 
Fluorescein-labeled amidites are purchased from Glen 
Research (Sterling, Va.), Incubation of oligonucleotide and 
biological sanqjle is carried out as described for radiolabeled 
oligonucleotides except that instead of a scintillation 
counter, a fluorescence microscope is used to detect the 
fluorescence. Comparison of the fluorescence observed in 
samples from normal and tumor ceUs indicates MRP over- 
expression. 

Example 8 

HeLa cell culture and oligonucleotide treatment 
T5 and CI HeLa cells were obtained and maintained as 
described in Canitrot et al. Anti-Cancer Drugs 1996, 
7(suppl. 3)^ 93-99. Cells were treated with oligonucleotide 
in LIPOFECnN™ essentially as described by Canitrot et 
al., except that a double treatment was used in some cases. 
For double treatment, cells were treated with oligonucle- 
otide (500 nM) on day 1 and day 4 after plating. On day 5, 
ceUs were harvested for RNA and/or protein isolation. For 
MTT assay, chemotherapeutic agent was added on day 5 and 
the assay was performed on day 8. 
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Example 9 

Measurement of MRP mRNA in HeLa cells 
RNA quantitation was done by Northern blot analysis 
according to Canitrot et ai., supra. 
Example 10 

Measurement of MRP protein in HeLa cells 

Protein quantitation was done by immunoblot analysis 
according to Canitrot et al., supra. 
10 Example 11 

Chemosensitivity testing in HeLa cells 

Drug sensitivity of transfected HeLa cells was measured 
using a 3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyltetrazolium bromide (MTT) -based cytotoxicity 
assay essentially as described in Cole et al. Cancer 
Chemother, Pharmacol. 1986. 17, 259-263 and Canitrot et 
al. Anti-Cancer Drugs 1996, 7(suppL 3), 93-99]. The MTT 
assay was performed 72 hours after chemotherapeutic agent 
was added to the cells. 

Example 12 

H69AR tumor xenograft studies 

H69AR tumor fragments (approxhnately 25 mg each) 
were taken from two eighth-generation fragment xenografts 

25 in nude mice and implanted into recipient mice for study. 
Eighteen days later the animals were separated into three 
groups (7 or 8 mice per group) for treatment with either 
saline, vincristine, ISIS 7597 (SEQ ID NO: 8, P=S) or 
vincristine plus ISIS 7597. Treatment was 10 ml/kg daily for 

30 saline. For vincristine, three 1.5 mg/kg doses were given 
intraperitoneally on days 22, 36 and 46 for both the vinc- 
ristine and vincristine+oligonucleotide groups. ISIS 7597 
(25 mg/kg) was given daily by intravenous or intraperitoneal 
injection, beginning on day 19, for both the oligonucleotide 

35 and vincristine+oligonucleotide groups. TUmor size was 
measured weekly using calipers and converted to volume 
(cc), using the fonrada [Volume=LengthxWidth%]. Animal 
weights were also measured weekly. Treatment was termi- 
nated and animals sacriflced on day 50. 



SEQUENCE LISTING 



( 1 ) GENERAL INFORMATION: 

( i i i ) NUMBER OF SEQUENCES: 28 



( 2 ) INFORMAnON FOR SEQ ID NO:l: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nxicleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Li« 



( i V ) ANTI-SENSE; Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 1: 
COOGGCCGCA ACGCCOCCUG 



( 2 )INFORMAnONFORSEQIDNO:2: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Aad 
( C ) STRANDEDNESS; Single 
( D ) TOPOLOGY: Linear 
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1 i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESOUFnON: SEQ ID NO: 2: 
CGGGGCCGCA ACGCCOCCTG 

( 2 ) INFORMATION FOR SEQ ID NO:3: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANn-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 
GGTGATCGGG CCCGOTTGCT 

( 2 )INFORMAnONFORSEQIDNO:4: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYRE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( I i ) SEQUENCE DESCRIPnON: SEQ ID NO: 4: 
CCGGTGGCGC GGGCGGCGGC 

( 2 ) INFORMATION FOR SEQ ID NO: 5: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B )TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 5: 
AGCCCCGOAG CGCCATGCCG 



( 2 ) INPORMAHON FOR SEQ ID NO: 6: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Add 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: linear 

( i V ) ANn-SENSE: Yes 

( 3t i ) SEQUENCE DESCRffTION: SEQ ID NO: 6: 
TCGGAGCCAT CGGCGCTGCA 



( 2 ) INPORMAHON FOR SEQ ID NO: 7: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 



i X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 
GGCACCCACA CGAOGACCGT 
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( 2 ) INFORMAXION FOR SEQ ID NO: 8: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPnON: SEQ ID NO: 8: 
TGCTGTTCGT OCCCCCGCCG 

( 2 ) INFORMAnON FOR SEQ ID NO: 9: 

( i ) SEQUENCE CHARACTERISTICS; 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 
CGCGCTGCTT CTGOCCCCCA 

( 2 ) INFORMATION FOR SEQ ID NO: 10: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Steele 
( D ) TOPCft^OGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 
GCGGCGATGG GCOTGGCCAG 

( 2 ) INPORMAnON FOR SEQ ID NO: 11: 

< i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 20 

( B ) TYPE: Nucleic Add 

( C ) SIRAITOEDNESS: Single 

( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 
CAGGAGGTCC GATOOGOCOC 

( 2 ) INFORMAnON FOR SEQ ID NO: 12: 

< i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 20 

( B ) TYPE: Nucleic Acid 

( C ) STRANDEDNESS: Single 

( D ) TOPOLOGY: Linear 

( i V ) ANTT-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 12: 
OCTCACACCA AGCCGGCGTC 



( 2 ) INPORMAHON FOR SEQ ID NO: 13: 



( i ) SEQUENCE CHARACTERISTICS: 
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( A ) LENGTH: 20 

( B ) TYPE: Niicleic Acid 

( C ) STRANDEDNESS; SiRgk 

( D ) TOPOLOGY: Linear 

( i V ) ANB-SENSE: Yes 

( 3t i ) SEQUENCE DESCRIPTION: SEQ E> NO: 13: 
AGGCCCTGCA GTTCTGACCA 

( 2 ) INFORMAHON FOR SEQ ID NO: 14: 

( i ) SEQUENCE CHARACTERISTICS: 
i A ) LENGTH: 20 
( B ) TYPE: Nucleic Add 
( C ) STRANDEDNESS: Si«glc 
( D ) TOPOLOGY: Unear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 
CTCCTCCCTG GGCGCTGGCA 

( 2 ) INFORMATION FOR SEQ ID NO: 15: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Add 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 
ACCGGATOGC GGTGGCTGCT 

( 2 ) INFORMATION FOR SEQ ID NO: 16: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Add 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 16; 
CGCATCTCTG TCTCTCCTGG 

( 2 ) INPORMAnON FOR SEQ ID NO: 17: 

( i > SEQUENCE CHARACTERISTtCS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Add 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Umcar 

( i V ) ANTI-SENSE: Yes 

< X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 17: 
CAGAAOCCCC GGAGCOCCAT 



( 2 ) INFORMATION FOR SEQ ID NO: 18: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nwleic Add 
( C ) STRANDEDNESS: Single 
( D > TOPOLOGY: Unear 
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( i V ) ANTI^ENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 
GCCCCCGCCG TCTTTOACAG 



( 2 ) INFORMATION FOR SEQ ID NO: 19: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGIH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 
GTGATGCTGT TCGTGCCCCC 



( 2 ) INPORMAnON FOR SEQ ID NO: 20: 

( i ) SEQUENCE CHARACTERISTICS: 
< A ) LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 20: 
CTCACGGTOA TGCTGTTCGT 



( 2 )INFORMAnONFORSEQIDNO:21: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nuckic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Lmex 

i i V ) ANTI-SENSE; Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 21: 
CCCCCAGACA OGTTCACGCC 



( 2 ) INFORMATION FOR SEQ ID NO: 22: 

( i ) SEQUENCE CHARACIERISnCS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Add 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 22: 
CTGGCCCCCA GACAGGTTCA 



( 2 ) INFORMAnON FOR SEQ ID NO: 23: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nuclmc Aad 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY; Linear 

( i V ) ANTI-SENSE: Yfss 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 23: 



GCCAGGCTCA CGCOCTGCTT 
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( 2 ) INFORMAHON FOR SEQ ID NO: 24: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

< i V ) ANTI-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 24; 
CACAGCCAGT TCCAGGCAGG 

( 2 ) INFORMATION FOR SEQ ID NO: 25: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH; 20 
( B ) TYPE: Nucleic Acid 
( C > STRANDEDNESS; Single 
( D ) TOPOLOGY: Linear 

( i V ) ANTI-SENSE; Yes 

( X i ) SEQUENCE DESCRIPnON: SEQ ID NO: 25: 
CCTGGGTCTT CACAGCCAGT 

( 2 ) INFORMAHON FOR SEQ ID NO: 26: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: NucImc Add 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Linear 

( i V ) ANn-SENSE; Yes 

< X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 26: 
CGOCGGGGOC ACGAACAGCA 

( 2 ) INFORMATION FOR SEQ ID NO: 27; 

( i ) SEQUENCE CHARACTERISTICS: 
( A > LENGTH: 20 
( B ) TYPE: Nucleic Acid 
( C ) STRANDEDNESS: Singk 
( D ) TOPOLOGY: linear 

( i V ) ANTI-SENSE: Yea 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 27: 
TCGTGGCCGC GTTCTCCCCG 



( 2 ) INFORMAHON FOR SEQ ID NO: 28: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20 
( B ) TYPE: Nocl«c Acid 
( C ) STRANDEDNESS: Single 
( D ) TOPOLOGY: Lineax 

( i V ) ANn-SENSE: Yes 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO: 2S: 
CGTOTTGCTC GTGCCCGCCC 



What is claimed is: tidrug resistance-associated protein and capable of inhibit- 

1. An oligonucleotide comprising 8 to 30 nucleotides ing the expression of multidrug resistance-associated pro- 
specificaUy hybridizable with a nucleic add encoding mul- tein. 
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2. The oligonucleotide of claim 1 which is specifically 
hybridis^able with mRNA encoding multidrug resistance- 
associated protein. 

3. The oligonucleotide of claim 1 which specifically 
hybridizes with DNA encoding multidrug resistance- 5 
associated protein to form a triple stranded structure. 

4. The oligonucleotide of claim 2 specifically hybridiz- 
able with a transcription initiation site, a translation initia- 
tion site, 5 -untranslated sequence, 3' untranslated sequence, 
coding sequence or an intron/exon junction of an mRNA lo 
encoding multidrug resistance-associated protein. 

5. A pharmaceutical composition comprising an oligo- 
nucleotide of claim 1 and a pharmaceutically acceptable 
carrier, 

6. The oligonucleotide of claim 1 wherein at least one of 15 
the intersugar linkages between nucleotides of the oligo- 
nucleotide is a phosphorothioate linkage. 

7. The oligonucleotide of claim 1 wherein at least one of 
the nucleotides is modified at the 2* position, 

8. The oligonucleotide of claim 7 wherein the nucleotide 20 
modification is 2 -O-methyl, 2'-0-propyl, 2 -methoxyethoxy 

or 2*-fluoro. 

9. The oligonucleotide of claim 8 which is a chimeric 
oligonucleotide. 

10. The oligonucleotide of claim 9 which is a gapped 25 
oligonucleotide, 

11. The oligonucleotide of claim 1 con^rising SEQ ED 
NO: 17, 18, 19, 20, 21, 22, 23 , 24, 25, 26, 27 or 28. 

12. An oligonucleotide comprising 8 to 30 nucleotides 
specifically hyhridizable with a nucleic add encoding mul- 30 
tidrug resistance-associated protein and capable of inhibit- 
ing the expression of multidrug resistance-associated 
protein, wherein said oligonucleotide comprises at least one 
2'-methoxyethoxy modification. 

13. The oligonucleotide of claim 12 which is a chimeric 35 
oligonucleotide. 

14. The oligonucleotide of claim 13 which is a gapped 
oligonucleotide. 

15. An oligonucleotide of claim 12 specifically hyhridiz- 
able with a transcription initiation site, a translation initia- 40 
tion site, 5'-untranslated sequence, 3' untranslated sequence, 
coding sequence or an intron/exon junction of an mRNA 
encoding multidrug resistance-associated protein. 

16. A pharmaceutical coiiq)osition con:q)rising an oligo- 
nucleotide of claim 12 and a pharmaceutically acceptable 45 
carrier. 

17. An oligonucleotide of claim 12 wherein at least one of 
the intersugar linkages between nucleotides of the oligo- 
nucleotide is a phosphorothioate linkage, 

18. An oligonucleotide of claim 12 con^jrising SEQ ID 50 
NO: 2, 3, 4, 5, 6, 7, 8, 9. 10, 11, 12, 13, 14, 15, 16. 17, 18, 
19, 20, 21, 22, 23, 24, 25, 26, 27 or 28. 

19. An oligonucleotide comprising SEQ ID NO: 8 and at 
least one 2* methoxyethoxy modification. 

20. The oligonucleotide of claim 19 which is a chimeric 55 
oligonucleotide, 

21. The oligonucleotide of claim 20 which is a gapped 
oligonucleotide. 

22. A method of inhibiting the synthesis of multidrug 
resistance-associated protein in a cell or tissue comprising 



32 

contacting a cell or tissue with an oligonucleotide compris- 
ing 8 to 30 nucleotides specifically hyhridizable with a 
nucleic acid encoding multidrug resistance-associated pro- 
tein and capable of modulating the expression of multidrug 
resistance-associated protein. 

23. A method of inhibiting the synthesis of multidrug 
resistance-associated protein in a cell or tissue comprising 
contacting a cell or tissue with an oligonucleotide compris- 
ing an oligonucleotide comprising SEQ ID NO: 8 and at 
least one 2' methoxyethoxy modification. 

24. The method of claim 23 wherein the oligonucleotide 
is a chimeric oligonucleotide. 

25. The method of claim 23 wherein the oligonucleotide 
is a gapped oligonucleotide. 

26. A method of treating an animal suspected of having a 
condition which is characterized by overexpression of mul- 
tidrug resistance-associated protein comprising administer- 
ing to said animal a tfierapeutically effective amount of an 
oligonucleotide having 8 to 30 nucleotides specifically 
hyhridizable with a nucleic acid encoding multidrug 
resistance-associated protein and capable of inhibiting the 
expression of multidrug resistance-associated protein. 

27. The method of claim 26 wherein the oligonucleotide 
is administered in conjunction with a chemotherapeutic drug 
treatment for cancer. 

28. The method of claim 27 wherein the condition is a 
multidrug-resistant cancer. 

29. The method of claim 27 wherein the multidrug- 
resistant cancer is small-cell lung canco-. 

30. A method for improving the efScacy of a chemothera- 
peutic drug treatment of a disease, said method comprising 
administering in conjunction with a chemotherapeutic drug 
treatment an oligonucleotide comprising 8 to 30 nucleotides 
specificaUy hyhridizable with a nucleic acid encoding mul- 
tidrug resistance-associated protein and capable of inhibit- 
ing the expression of multidrug resistance-associated pro- 
tein. 

31. The method of claim 30 wherein the disease is cancer. 

32. A method for preventing the development of multi- 
drug resistance during a chemother^eutic drug treatment of 
a disease, said method comprising administering in conjunc- 
tion with a chemotherapeutic drug treatment an oligonucle- 
otide comprising 8 to 30 nucleotides specifically hyhridiz- 
able with a nucleic acid encoding multidrug resistance- 
associated protein and capable of inhibiting the expression 
of multidrug resistance-associated protein. 

33. The method of claim 32 wherein the disease is cancer. 

34. A method of treating an animal suspected of having a 
condition which is characterized by leukotriene production 
con:q>rising administering to said animal a therapeutically 
effective amount of an oligonucleotide having 8 to 30 
nucleotides specifically hyhridizable with a nucleic acid 
encoding multidrug resistance-associated protein and 
capable of inhibiting the expression of multidrug resistance- 
associated protein. 

35. The method of claim 34 wherein the condition is an 
inflammatory condition. 
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Figure 1 Telomere lengths in successive generations (G1-G5) of mice cloned from cumulus cells. Southern-blot analysis of terminal 
restriction -enzyme-cut fragments in five sequential generations shows tiiat telomeres do not undergo incremental erosion In successive 
clonal generations. Genomic DNA isolated from peripheral-blood lymphxytes taken from representative animals from each generation 
was digested v/ith the restriction enzyme /y/nfl, resolved on a pulse field gel, transferred to a solid support and probed vi/lth a 5'-^P- 
labelled fTjAG3}a oligonucleotide. Peripheral blood lymphxytes vifere sampled on the same day. Ages of mice {in months) were: In line A, 
donor, 18; G1, 16; G2, 14; 63. 12; G4, 9; G5, 9; In line B, G1, 15.5; G2, 13; G3, 11 ; G4, 9; G5, 7, Suffix numbers {64-1 and G4-2, for 
example) Identify different pups of each generation, 



was repeated with cumulus cells from adult 
Gl mice as nucleus donors to produce the 
next clonal generation, G2, and so on. Table 
1 summarizes the results obtained following 
the reconstruction of 3,920 enucleated 
oocytes. 

Previously, abo at 2% of enucleated 
oocytes receiving a cumulus cell nucleus 
developed to live-born pups'. This value is 
comparable to the cloning efficiency for Gl 
in lines A (1.5%) and B (4.2%). However, 
the success rate dropped in successive 
cloned generations: line A did not produce 
a G5 clone from 670 reconstructed oocytes; 
in line B, the only live-born G6 clone was 
cannibalized by her foster mother, thereby 
terminating the line. Mouse lines A and B 
therefore represent totals of 9 and 26 clones 
from their respective donors. Placental size 
was consistently in the range previously 
reported for cloned mice^ and did not 
increase in successive generations (data not 
shown). 

Do sequentially cloned mice show signs 
of accelerated ageing? We assessed the 
behaviour of these mice and determined 
telomere lengths to assess organismal and 
cellular measures of ageing, respectively. We 
evaluated learning ability in the Morris 
water maze and Krushinsky tests, as well as 
strength and agility, and also used other 



assays designed to monitor signs of prema- 
ture ageing, such as a decline in activity in 
the home cage and loss of coordination^. AH 
cloned mice were, by these criteria, normal 
compared with age-matched controls (data 
not shown); the G5 mouse is alive and 
healthy at 1.5 years. 

We measured telomere length in periph- 
eral blood lymphocytes of clones G1-G6 by 
Southern-blot analysis of terminal restric- 
tion-enzyme-digested fragments (Fig. 1) 
and found no evidence of shortened telom- 
eres in the cloned mice. In fact, our results 
show that the telomeres lengthen with each 
generation. As representative animals of 
each generation were sampled simultane- 
ously, we cannot rule out an age-related 
contribution to this increase (with younger 
mice having longer telomeres). In addition, 
long telomeres in mice are optimally studied 
by means of different assays such as quanti- 
tative fluorescence in situ hybridization^. We 
have detected telomerase activity in cumulus 
cells (data not shown); it is therefore possi- 
ble that telomeres in these cells are unusual- 
ly long, resulting in offspring with 
concomitantly longer telomeres. 

Shortened^ and lengthened^ telomeres 
have been reported In cloned livestock but, 
unlike ours, those experiments involved 
only a single round of cloning, Our results 



Table 1 Effect of sequential cloning on full-term development 



Line 


G1 


G2 


G3 


G4 


G5 


G6 


Total 


A 


2/131 


1/228 


1/263 


5/238 


0/670 




9/1,530 




(1.5) 


(0.4) 


(0.4) 


(2.1) 


(0) 




(0.6) 


B 


4/96 


7/351 


5/352 


6/286 


3/581 


1/724 


26/2,390 




(4.2) 


(2.0) 


(1.4) 


(2.1) 


(0.5) 


(0.1) 


(1.1) 



SucrassK-e generations are represented as Gl, G2 and so on fortv«3 independent mouse iines, Aand B. The number of pups bom five after cumutus-celf 
nuclear transfer is con-^ared to successfully reconsUucied oocytes (pups/oocytes), vAti ttie corresponding percCTtages in parentheses. Signifcant a:^ 
comparisons were derived for G4 and G5 from line A, G1 and G5, 66 from line B, and G2, G3, G4 versus G5 from tine B {P< 0,05). 



NATURE I VOL 407 1 21 SEPTEMBER 2000 ] www.nature.com 



^© 2000 Macmlllan Magazines Ltd 



on sequentially cloned mice verify that 
telomere shortening is not a necessary out- 
come of the cloning process**. However, as 
only 1-2% of reconstructed oocytes yield 
live-born clones, the possibility of selection 
for donor nuclei with the longest telomeres 
cannot be excluded. Further investigation is 
required into the consequences of nuclear 
transfer on telomere length and lifespan. 
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Sana m.\WB$$\m 

Total silencing by intron- 
spiiced hairpin RNAs 

Post-transcriptional gene silencing 
(PTGS), a sequence-specific RNA 
degradation mechanism inherent in 
many life-forms, can be induced in plants 
by transforming them with either antisense^ 
or co-suppression^ constructs, but typically 
this results in only a small proportion of 
silenced individuals. Here we show that 
gene constructs encoding intron-spliced 
RNA with a hairpin structure can induce 
PTGS with almost 100% efficiency when 
directed against viruses or endogenous 
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genes. These constructs could prove valu- 
able in reverse genetics, genomics, engineer- 
ing of metabolic pathways and protection 
against pathogens. 

Induction of PTGS by co-suppression 
and antisense methods that target the Nia- 
protease (Pro) gene sequence of potato 
virus Y (PVY)^ cause silencing in 7% and 
4% of independent transformants, respec- 
tively; induction of PTGS in these tobacco 
plants (Nicotiana tahacum) manifests as 
immunit/''' to the virus. 

Using principles we developed for 
silencing constructs that express double- 
stranded RNA and inverted-repeat RNAs\ 
we made a construct encoding a single self- 
complementary hairpin RNA (hpRNA) of 
the Fro sequence. The construct contains 
sense and antisense Fro sequences flanking 
an 800-nucleotide spacer fragment derived 
from the uidaA (GUS) gene (Fig, la). 
About 60% (25/43) of the plants that are 
transformed with this construct, many of 
which contained a single transgene copy, 
were immune to the virus. The spacer 
fragment contributed to the stability of the 
perfect inverted-repeat sequences, but it 
was not required for the specificity of the 
PTGS (Fig. la). 

To test the effect of removing the loop 
region of hpRNA, we replaced the spacer 
with an intron sequence (Fig. la, b). The 
intron sequence provides stability to the 
DNA, but is spliced out during pre-mRNA 
processing^ to produce loopless hpl^vIA. As 
a control, we made a sister construct in 
which the intron sequence was inserted in 
the reverse, non-splicing, orientation. 
When transformed into tobacco, 22 of 34 
(65%) reverse-intron plants were immune, 
a similar frequency to plants transformed 
with the GUS spacer construct. Amazingly, 
we found that 22 of 23 plants transformed 
with the construct containing the function- 
al intron were immune to the virus. 

To test whether this enhancement by the 
sense-intron construct was a general phe- 
nomenon, we made two hpRNA constructs 
against the endogenous Al2-desaturase 
{Fad2) gene of ArahidopsiSy which catalyses 
the conversion of oleic to linoleic acid in the 
seed^'^; one construct contained an intron 
and the other a non-intron spacer region. 
We found that 69% (44/63) of the trans- 
genic plants with the non-intron spacer 
region construct showed PTGS of the Al2- 
desaturase gene, but that 100% (30/30) of 
plants transformed with the intron con- 
struct showed silencing of this gene. 

How does the presence of this intron 
enhance silencing efficiency? The process of 
intron excision from the construct by the 
spliceosome might help to align the com- 
plementary arms of the hairpin in an en- 
vironment favouring RNA hybridization, 
promoting the formation of a duplex. Alter- 
natively, splicing may transiently increase 
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Figure 1 Efficiency of Induction of post-transcriptlonal gene silencing (PTGS) by different gene constructs and the predicted structure of 
RNA transcribed from the transgenes, a, PTGS efficiency measured for potato virus (PVY) and A12-desaturase genes as the percentage 
of independent transgenic piants immune to PVY and the percentage of plants with enzyme activity reduced by more than 20% compared 
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orientation of sequences, respectively; small vertical arrows represent splice-junction sequences remaining after the intron has been 
spliced out. Vertical lines in the predicted staictures Indicate duplex formation. Asterisks, data from ref. 3; daggers, data from ref 7; 
hpRNA, hairpin RNA; number of Independent transfonnants; GUS, p-glucuronldase, b. Design of Intron -containing hairpin constructs. 
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the amount of hairpin WA by facilitating, 
or retarding, the hairpin*s passage from 
the nucleus, or by creating a smaller, less 
nuclease-sensitive loop. 

Our PVY constructs contained intron-2 
from the Fdk gene of Flaveria^, whereas the 
Al2-desaturase construct contained intron- 
1 from the Arabidopsis Fad2 gene (Fig. lb). 
PVY constructs were controlled by the con- 
stitutive CaMV35S (ref. 9) promoter and 
produced hpRNA containing the PVY cod- 
ing-region sequence (700 nucleotides); the 
desaturase gene construct used the seed- 
specific napin promoter'^ to produce 
hpRNA representing 120 nucleotides of the 
3' -untranslated region of the Ai2-desat- 
urase gene. 

We believe that constructs encoding 
intron-hpRNA should efficiently induce 
PTGS for a wide range of genes in a variety 
of circumstances and could become as use- 
ful to plant biology as RNAi^^*^^ is to the 
study of nematodes and Drosophila. The 
transgene design might also have applica- 



tion in organisms in which RNAi has been 
obtained by injection of double-stranded 
RNA 
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Summary 

Post-transcriptional silencing of plant genes using anti-sense or co-suppression constructs usually 
results in only a modest proportion of silenced individuals. Recent work has demonstrated the potential 
for constructs encoding self-complementary 'hairpin' RNA (hpRNA) to efficiently silence genes. In this 
study we examine design rules for efficient gene silencing, in terms of both the proportion of 
independent transgenic plants showing silencing, and the degree of silencing. Using hpRNA constructs 
containing sense/anti-sense arms ranging from 98 to 853 nt gave efficient silencing in a wide range of 
plant species, and inclusion of an Intron in these constructs had a consistently enhancing effect. Intron- 
containing constructs (ihpRNA) generally gave 90-100% of independent transgenic plants showing 
silencing. The degree of silencing with these constructs was much greater than that obtained using 
either co-suppression or anti-sense constructs. We have made a generic vector, pHAIMNIBAL, that allows 
a simple, single PGR product from a gene of interest to be easily converted into a highly effective 
IhpRNA silencing construct. We have also created a high-throughput vector, pHELLSGATE, that should 
facilitate the cloning of gene libraries or large numbers of defined genes, such as those in EST 
collections, using an /'n vitro recombinase system. This system may facilitate the large-scale 
determination and discovery of plant gene functions in the same way as RNAi is being used to examine 
gene function in Caenorhabditis elegans. 

Keywords: PTGS, RNAi, genomics, vector, IhpRNA, Gateway. 



Introduction 

The ultimate goal of current genome projects is to 
identify the biological function of every gene in the 
genome. Whole genomes of several organisms (includ- 
ing Arabidopsis, http://www.arabidopsis.org), have been 
completely sequenced, providing a wealth of informa- 
tion. The functions of some of the genes have been 
identified directly by the appropriate assay, or have 
been inferred by homology to genes of known function 
in other organisms. Loss-of-f unction mutants, from 
insertional mutagenesis or transposable elements, have 
also been very informative about the role of some of 



these genes (AzpirozLeehan and Feldmann, 1997; 
Martienssen, 1998), particularly in the large-scale analy- 
sis of the yeast genome (Ross-Macdonald etal., 1999). 
However, the functions of a large proportion of genes 
remain unknown. 

Injection or ingestion of dsRNA into nematodes can 
trigger specific RNA degradation, in a process known as 
RNA-interference (RNAi; Fire eta/., 1998). This process 
facilitates targeted post-transcriptional gene silencing 
(PTGS) and has recently been harnessed to study the 
function of over 4000 genes on chromosomes I and III 
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Figure 1. The predicted RNA structure and efficacy of gene-silencing 
constructs. 

(a) Three constructs, controlled by Ubil promoter, silencing GUS in rice. 
Thick lines indicate a 560 nt GUS sequence; grey lines indicate non-GUS 
sequences; dashed grey lines indicate intron-junction sequences left after 
splicing; and short lines within the stem of hairpin structures indicate 
base pairing. Numbers in PTGS column indicate the percentage of plants 
showing GUS silencing; n = number of plants in each treatment. 

(b) Silencing efficacy of four different construct types with sequences as 
depicted In (a), except the thick lines in hpRNA and ihpRNA represent the 
various different target sequences in Table 1; and the thick lines in 
iphRNAoverhang and iphRNAspacer represent PVY Pro sequences. The 
percentage PTGS of hpRNA and ihpRNA, and IphRNAoverhang and 
iphRNA spacer, are the average percentage silencing of these types of 
constructs reported in Table 1 and the percentage of plants showing 
immunity to PVY, respectively. 



in Caenorhabditis elegans (Fraser et al., 2000; Gonczy 
etal., 2000). We discovered that transgenes designed to 
express double-stranded or single-stranded self-connpie- 
mentary (hairpin) RNA have a similar post-transcrip- 
tional silencing effect in plants (Wang and Waterhouse, 
2000; Waterhouse etal., 1998) and that, in at least two 
examples, almost 100% of plants transformed with an 
intron-containing hairpin RNA construct showed silen- 
cing (Smith etaLr 2000). These results led us to ask 
whether hpRNA technology might be exploited for gene 
discovery in plants. We have sought to design and 
evaluate generic intron-hpRNA constructs that might 
enable plant gene-discovery studies on a scale that 
matches those in nematodes. 



Results 

Location of silence-inducing sequences in hairpin RNA 
constructs 

Constructs encoding RNAs with regions of self-comple- 
mentarity efficiently induce gene silencing. We have 
previously shown that the sequences in the duplex stem 
in hpRNAs direct gene silencing (Smith etal., 2000; 
Waterhouse etal., 1998), whereas the results of Hamilton 
etal. (1998) suggest that single-stranded RNA sequences 
adjacent to a potential hairpin-forming structure give 
sequence specificity to silencing. The latter arrangement 
(adj-hpRNA) could be easily incorporated into gene-silen- 
cing vectors as the sequence encoding the hairpin RNA 
could be generic to the vector, while the specificity of the 
silencing would be accomplished by simply inserting a 
single copy of target gene sequence. In contrast, hpRNA 
constructs require two copies of the target sequence in an 
inverted-repeat orientation, in order to produce duplex 
RNA. To compare the relative efficacy of the designs, 
various GUS-silencing constructs, under the control of the 
Ubil promoter and associated intron, were made (Figure 
la) and super-transformed into GUS-expressing rice. 
Histochemical staining of the transformed plants showed 
that the adj-hp RNA construct gave no higher frequency of 
silenced lines than conventional co-suppression (sRNA), 
but the hpRNA construct gave many more silenced lines 
(Figure la). This suggested that the hpRNA was the design 
of choice. 

Examination of the stained rice Ubi-hpGUS plants and a 
similar 35S-hpGUS construct in tobacco (Figure 2f) 
showed that the silencing was evenly distributed through- 
out the plant. Analysis of RNAs in the tobacco plants for 
the presence of GUS-derlved small (=21 nt) RNAs showed 
a perfect correlation between the presence of these 
molecules and the presence of the 35S-hpGUS construct 
and silencing of the target GUS gene (Figure 3). This 
confirms that the silencing was due to PTGS; such small 
RNAs are a hallmark of PTGS (Hamilton and Baulcombe, 
1999; Waterhouse etal., 2001) 

Intron-spliced hpRNA vectors 

We have found that it is necessary to include a spacer 
region between the arms of hpRNA constructs for stability 
of the inverted repeat DNA in Escherichia coli. However, 
replacing the spacer (loop) region of hpRNA constructs 
with a functional intron sequence increases the proportion 
of independent silenced lines recovered from approxi- 
mately 50 to about 100% (Smith etal., 2000). In these 
experiments, the targets were potato virus Y (PVY) and the 
FAD2 A12-desaturase gene of Arabidopsis, The constructs 
were designed such that their pre-mRNA should splice to 
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form hpRNAs with small loops (Figure 4). The PVY 
construct should give an hpRNA comprising a 730 nt 
stem and a 6 nt loop; the hpRNA from the A12-desaturase 
construct should contain a 120 nt stem and a 21 nt loop. 
Although the PVY construct contained only two and four 
bases of original exon sequence 5' and 3' of the intron, 
respectively, the intron was still functional. RT-PCR and 
sequencing of transgene mRNA in plants containing the 
H/ndlll intron fragment (Figure 4) showed that the intron 
was cleaved out, leaving the predicted splice junction (data 
not shown). 

The A12-desaturase result (100% of independent plants 
showing silencing despite having a 21 nt loop in the 
hpRNA) showed that the intron-enhanced silencing was 
not solely due to the tightness of the hairpin loop. 
Therefore we wondered whether this could be exploited 
to make a generic intron-spliced hpRNA (ihpRNA) vector 
into which the gene, or gene fragment, of choice could be 
directionally cloned to make sense and anti-sense arms. 
The vector pHANNIBAL (Figures 4 and 5), and a sister 
vector, pKANNIBAL (with bacterial ampicillin and kanamy- 
cin resistance genes, respectively), were designed so that a 
PCR fragment could be inserted in the sense orientation 
into the XholEcoH\,Kpn\ polylinker and in the anti-sense 
orientation in the C/al.H/ndlll.SamHI.Xbal polylinker. This 
may be accomplished either by two separate PCR reac- 
tions with the appropriate single sites introduced with 
each primer, or by a single PCR using primers each 
introducing two restriction sites (e.g. primer 1, 
XbalXholxxx; primer 2, Cla\.Kpn\.xxx). The construct will 
produce an hpRNA with a loop of 30-50 bases depending 
on which restriction sites are used to insert the targeting 
gene sequences. 

The efficacy of pHANNIBAL was tested in Arabidopsis 
targeting the pigment biosynthesis gene chalcone 
synthase iCHS); the ethylene signalling gene EIN2; and 
the flowering repression gene FLC1. These genes were 
chosen because their mutant alleles have been reported in 
Arabidopsis to give distinct phenotypes. The tt4 (CS85) 
EMS mutant (Koornneef etal., 1990) produces inactive 
CHS, resulting in reduced production of flavonoid pig- 
ments in both the stem and seed coat. The mutant ein2 
(Alonso etal., 1999) is insensitive to ethylene and grows 
well on media containing 1-aminocyclopropane-1-car- 
boxylic acid, whereas wild-type plants develop a very 
stunted appearance when grown on such media. The 
mutant ficl (Amasino ef a/., 2000) flowers earlier than wild- 
type Arabidopsis. 

A 741 nt piece of CHS coding region was amplified 
from A. thaliana (Landsberg erecta) using primers that 
added an Xho\ and a Kpn\ site on the ends of one 
product and an Xba\ and SamHI site on the ends of the 
other product. These two amplification products were 
then directionally cloned into pHANNIBAL (Figure 5). 
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Similar cloning strategies were adopted for a 600 nt 
sequence from EIN2, and both a 650 nt and a 400 nt 
sequence from FLCt As controls, sense and anti-sense 
constructs of CHS and an anti-sense construct of FLC1 
were also generated. All the constructs were subcloned 
into the binary vector pART27 and transformed into 
Arabidopsis. 

Only two of the 19 plants transformed with the CHS co- 
suppression construct, and none of the 25 plants trans- 
formed with the CHS anti-sense construct, showed any 
obvious evidence of silencing. Whereas over 90% (21 of 
23) of the plants transformed with the CHS-HANNIBAL 
constructs showed pronounced silencing (Table 1). The 
seed colours of most of these lines were virtually indistin- 
guishable, to the naked eye, from seed of the ft4(CS85) 
mutant (Figure 2a). Examination of the seed under a light 
microscope revealed that the degree of pigmentation was 
generally uniform in the cells of the coat of an Individual 
seed, and among seeds of the same line (Figure 2b,c). 
There was a perceptible difference in the levels of 
pigmentation between the different lines. The relative 
flavonoid content of seed from three lines selected to span 
the range of seed colour in the plant lines transformed 
with CHS-HANNIBAL, and from the co-suppression line 
giving the lightest coloured seed were 7, 23, 47 and 75%, 
respectively. The tt4 (CS85) and wild-type seed had values 
of 0 and 100%, respectively. 

Sixty-four independent lines transformed with the EIN- 
HANNIBAL construct were obtained. The progeny from 42 
of the lines showed Mendelian segregation for normal and 
stunted growth when grown on ACC medium, whereas all 
wild-type plants showed a stunted morphology on this 
medium (Table 1; Figure 2e). 

The transgenic progeny of every one of the 31 inde- 
pendent plants transformed with the FLC1-HANNIBAL 
constructs flowered earlier and made fewer leaves, prior 
to flowering, than wild-type plants (Table 1; Figures 2d and 
6). The transgenic progeny from the majority of the plants 
transformed with the FLC1 anti-sense construct had similar 
leaf numbers and flowering times to those of wild-type 
plants. The flowering time and leaf number provided an 
easy measurement of the degree of silencing in individual 
lines. Only two of the 31 FLC1-HANNIBAL plant lines did 
not flower in less than 25 days after germination, whereas 
only two anti-sense plant lines flowered in less than 
30 days. This suggests that ihpRNA constructs not only 
give an increased proportion of silenced transformants 
than anti-sense constructs, but also give more profound 
levels of silencing. However, even the most profoundly 
silenced FLC1 -HANNIBAL line flowered 1 day later than the 
fic mutant, suggesting that it was not quite the equivalent 
of a null allele. 

Collectively, pHANNIBAL-based constructs (which are 
driven by the constitutive 35S promoter) have been 
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made for five different genes {CHS, EIN2, FLC1, PVY-Pro 
and polyphenol oxidase - PRO). Similar intron-contain- 
ing constructs targeting seed specifically against two 
different genes (A12- and A9-desaturase) in Arabidopsis 
and/or cotton have been tested for their silencing 
efficiency. Intron-less hpRNA, anti-sense and co-suppres- 



sion constructs have also been used in many of these 
gene/host combinations. The results are summarized in 
Table 1. The ihpRNA constructs were effective, with arm 
lengths ranging from 98 to 853 nt, giving 66-100% (average 
90%) independent silenced transformants. Intron-free 
hpRNA constructs gave 48-69% (average 58%) silenced 
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transformants, and conventional co-suppression or anti- 
sense constructs gave 0-30% (average 13 and 12%, 
respectively) silenced transfornnants. The intron-spliced or 
intron-free hpRNA constructs were effective when targeted 
against the coding, 5' untranslated or 3' untranslated 
regions of the mRNA. Taken together, these results indicate 
that ihpRNA constructs consistently give the most efficient 
silencing under a wide range of conditions. 

Effect of intron location and unbalanced arms in 
pHANNIBAL 

Intron-spliced hpRNA constructs appear to give a higher 
proportion of silenced transfornnants than intron-free 
hpRNA constructs. One explanation for this might be that 
the process of intron-splicing aligns the arms of the 
hpRNA, facilitating their duplex formation in the spllceo- 
some complex, whereas the arms of hpRNAs have to find 
their self-complementarity by random, but tethered, colli- 
sions. If there is a threshold of duplex RNA required for 
PTGS in plants, then facilitating more efficient duplex RNA 
formation from ihpRNA might raise the level in low 
transgene-expressing plants such that PTGS Is enabled. 
Similar levels of transcription of non-spliced hpRNA might 
produce lower steady-state levels of duplex RNA that are 
insufficient for PTGS. The same threshold theory could 
also be applied for the tighter loop of ihpRNA, giving more 
nuclease-stable and higher steady-state duplex RNA levels 
than the larger looped hpRNA. To test the validity of these 
possibilities, a construct was made in which a spacer 
region was inserted between one of the arms and the 
intron in a PVY ihpRNA construct (Figure lb). This spacer 
region should impede alignment of the arms during the 
splicing process and produce a spliced hpRNA with a 
large loop. When plants transformed with the construct 
were challenged with PVY, 32 out of 36 independent 
transformants were immune to the virus. This suggests 
that the majority of the intron-enhanced silencing effi- 
ciency is not due to better alignment of the RNA arms or by 
presence of a tighter ssRNA loop. It may also explain why 
the GUS-hpRNA construct so efficiently silenced GUS in 



the rice plants reported In Figure 1(a), as this construct 
contained an intron in the 5' untranslated leader sequence 
of the ubiquitin promoter. 

A common feature of our hpRNA constructs has been 
the use of matched-length arms. These constructs should 
produce hpRNA with only a few unpaired 5' nucleotides. If 
pHANNIBAL is to be used as a generic vector for inserts 
from gene libraries, occasionally a restriction site within 
the PGR fragment will be common to the one used to clone 
into the polyllnker. This will sometimes lead to the 
unintended construction of an hpRNA with unmatched 
arm length. To investigate whether this was an important 
attribute, a pHANNIBAL construct was made (using the 
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Rgure 3. Detection of short [»22 nt) GUS-derived RNAs in tobacco plants 
showing hpRNA-nrtediated GUS silencing. 

Total RNA {20 each), isolated from tobacco plants showing 
Independent segregation of a 358 GUS transgene and a 35S hpGUS 
transgene, was separated in a 15% denaturing polyacryl amide gel, 
blotted onto a Hybond-N membrane and hybridized with in vitro- 
transcribed ^^P-labelled GUS RNA. The presence (+) or absence (-} of the 
target GUS and/or the 353 hpGUS transgene in the plant, from which the 
sample was taken, is indicated above each track. The phenotype of each 
of these plants after Incubation with X-glucuronlde and removal of 
chlorophyll with ethanol is also indicated. Silenced lines are white (W), 
unsilenced lines blue (B). The non-transgenic control is designated (C). 
Sizes indicated on the filter were determined by migration of DNA 
oligonucleotides. 



Figure 2. Silenced phenotypes in thpRNA transformed plants and recombinase cloning into pHELLSGATE. 

(a) Arabidopsis seed samples from left to right: five independent CHS-ihpRNA lines; wild-type seed; tt4CHS mutant; three CHS-anti-sense lines and three 
CMS-co-suppression lines. The anti-sense and co-suppression lines were chosen as those showing the lightest seed-coat pigmentation. 

(b) Arabidopsis seed samples from four independent CHS-ihpRNA lines, chosen to reflect the range of seed-coat pigmentation, viewed under a light 
microscope. 

(c) Four companion seed samples to (b) from left to right: ff4CHS mutant; the two anti-sense-silenced lines from Table 1; and wild-type seed. 

(d) Three pots of Arabidopsis plant lines 25 days after germination. From left to right: wild-type; earliest-flowering anti-sense; and FLCI-pHANNIBAL- 
transformed line. 

(e) Arabidopsis transformed with EIN2-pHANNIBAL growing on 50 \IM AGO. The larger, vigorous plantlet is an ethyl ene-insensitive EIN2-pHANNIBAL plant; 
the small ptantlets are ethylene-sensitive wild-type plants. 

(f) X-glucuronide-stained transgenic GUS tobacco plantlets segregating for presence (left) or absence (right) of the GUS-hpRNA transgene. 

(g.h) Agarose gel of restriction enzyme-digested ptasmid preparations from nine individual colonies recovered from E. coli transformed with a 
pHELLSGATEMOOntPCR-product recombination reaction. Xho\ digestion (g) will release the 400 nt sense arm but not the ccdB fragment, and Xbal 
digestion (h) will release the 400 nt anti-sense arm but not the other ccdB fragment. Left-hand track in both gels contains size markers. 
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Rgure 4. Splice junctions, loop regions and self-connplementarity of ihpRNA constructs: PVY, A12-desaturase, and pHANNIBAL 

Nucleotides underlined have no complement in the hpRNA and should form a loop structure. *, splice point; H/ndlll site in PVY-thpRNA construct shown 
in italics. 



PVY-Pro sequence) that should produce a hpRNA with a 
stem of 400 nt and 5' region of 300 unpaired nucleotides 
(Figure 1b). When 48 independent transformed plants, 
containing this construct, were challenged with PVY, 38 
(=80%) of them were immune to the virus. This shows that 
an unpaired 5' extension of hpRNA does not abolish its 
ability to induce silencing, although its efficiency may be 
slightly reduced. 



High-throughput vector 

With the completion of the Arabidopsis genome project; 
the advent of micro-array technology; and the ever- 
increasing investigation into plant metabolic, perception 
and response pathways, a rapid, targeted way of silencing 
genes would be of major assistance. The high incidence 
and degree of silencing In plants transformed with 
pHANNIBAL constructs suggest that it could form the 
basis of a high-throughput silencing vector. However, one 
of the major obstacles in using pHANNIBAL for a large 
number of defined genes or a library of undefined genes 
would be cloning the hairpin arm sequences for each gene 
in the correct orientations. 

Attempts to clone PGR products of sense and anti-sense 
arms, together with the appropriately cut pHANNIBAL 
vector as a single-step four-fragment ligation, failed to 
give efficient or reproducible results {data not shown). 
Therefore a construct (pHELLSGATE) was made (Figure 5) 
to take advantage of Gateway technology which facilitates 
easy cloning of PGR fragments (http://www.invitrogen. 
com/content.cfm). With this technology, a PGR fragment 
is generated (bordered with recognition sites attBI and 
attB2) which is directionally recombined in vitro into a 
plasmid containing attPI and attP2 sites using the com- 
mercially available recombinase preparation. 

The pHELLSGATE vector was designed such that a single 
PGR product from primers with the appropriate attBI and 
attB2 sites would be recombined into it simultaneously to 
form the two arms of the hairpin (Figure 5). The ccdB gene, 
which is lethal in standard £ co// strains such as DH5a (but 



not in DB3.1), was placed in the locations to be replaced by 
the arm sequences, ensuring that only recombinants 
containing both arms would be recovered. Placing a 
chloramphenicol-resistance gene within the Intron gives a 
selection to ensure the retention of the Intron in the 
recombinant plasmid. The pHELLSGATE vector was tested 
using 200 and 400 nt PGR products for two different genes. 
Many bacterial colonies were obtained on chlorampheni- 
cot-containing plates spread with DH5a bacteria, trans- 
formed with the in vitro recombination reaction. Analysis of 
24 colonies transformed with the 400 nt reaction and 36 
colonies from the 200 nt reaction showed that, in both 
cases, all but one of the colonies contained the desired 
recombinant plasmid (Figure 2g,h). This was confirmed by 
sequence analysis (data not shown). These results show 
that this vector facilitates the rapid, efficient and simple 
production of hpRNA constructs. pHELLSGATE is a binary 
vector, with a high-copy-number origin of replication for 
ease of handling. Recombinant pHELLSGATE constructs 
can be directly transformed into Agrobacterium for trans- 
formation into plants. This system should lend Itself to 
high-throughput applications. 



Discussion 

Now that the genomes of a number of species have been 
completely sequenced, the challenge is to understand the 
functions and interplay of genes In an organism. The use 
of chemical mutagens, transposons and T-DNA tagging 
have been very useful In screening for mutants of individ- 
ual genes. However, with these undirected methods It is 
often slow and laborious work to Identify each mutant and 
to track down the gene responsible. RNAi has revolutio- 
nized the study of genes in C. elegans and Drosophila, with 
two groups recently reporting the systematic analysis of 
over 4000 genes on chromosomes t and III in C. elegans 
(Fraser era/., 2000; Gonczy era/., 2000). By way of com- 
parison, chromosome 2 of Arabidopsis has been entirely 
sequenced (Lin era/., 2000) and the presence of 4037 genes 
has been predicted. Yet to undertake a systematic analysis 
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Figure 5. Maps and cloning strategies for 
pHANNIBAL and pHELLSGATE. 
PCR products from the target gene are 
cloned into the potylinkers of pHANNIBAL 
conventionally; restriction sites added by 
the primers ensure the correct orientation of 
the resulting sense and anti-sense arms. 
The attB1 and attB2 sequences on a single 
PCR product facilitate the recombination of 
one sense-orientated and one anti-sense- 
orientated molecule into each molecule of 
pHELLSGATE when incubated with BP 
clonase. The complete sequences and 
annotations for pHANNIBAL and 
pHELLSGATE have been lodged at EMBL 
(Acc No: AJ311872 and AJ311874). 
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Table 1. Efficiency of hpRNA, co-suppression and anti-sense constructs at silencing a range of genes in a range of plant species 
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The type of promoter (Prom), type of intron, length of arms and details of how to find the specific sequences of the arms for various gene- 
silencing constructs are shown. The last four columns show the number of primary independent transformants (or transformed tines 
where progeny were analysed) showing silencing/the number of transgenic plants produced from the primary transformation experiment 
*Silencing analysis was done on the progeny of the primary transformed plants. 



of these genes using the conventional plant technologies of 
insertional mutagenesis would require vast resources. It 
has been calculated thatto have a 90% chance of finding just 
one specific single gene (of about 1 kb) in Arabidopsis 
using T-DNA insertional mutagenesis would require the 
generation of about 350 000 independent transformants 



(Krysan eta!., 1999). The work described in this paper 
facilitates a directed silencing which, when combined with 
the efficient, non-tissue culture transformation method for 
Arabidopsis (Clough and Bent, 1998), provides the tools 
that make the challenge of mirroring in plants, the gene 
discovery under way In nematodes, more feasible. 
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Figure 6. Flowering time in transgenic progeny from independent FLC1- 
pHANNIBAL and PLC 1 -anti -sense transformed C24 Arabidopsis lines. 
Flowering time {FTh) and leaf number (in figures above each column) for 
transgenic progeny from 16 and 15 independent plant lines transformed 
with pHANNIBAL constructs containing 650 and 400 nt arms of FLC1 
sequence, respectively; 13 independent plants transformed with a 
conventional, 35S-driven, anti-sense construct containing the appropriate 
650 nt of FLC1; the flc-13 mutant (white bar); and wild-type plants (cross- 
hatched bar). Wild-type plants were transgenic for GUS and kanamycin 
resistance, to allow the plants to be grown under identical conditions. 
The standard error for leaf numbers did not exceed 0.7 of 1 day for any 
plant tine. 

Using hpRNA constructs, we have obtained silenced 
plants for every gene that we targeted, irrespective of 
whether it was a viral gene, transgene or endogenous 
gene, and the silencing appears to be uniform within 
tissues in which the hpRNA is expressed. With ihpRNA 
constructs the efficiency averaged about 90%, and arms of 
400-800 nt appear to be stable and effective. High levels of 
silencing were obtained with constructs having 
unmatched arm lengths, with arms as long as 853 nt or 
as little as 98 nt, and with arm sequences derived from 
coding, 3' or 5' untranslated regions of the target gene. 
These results suggest that ihpRNA constructs will be 
effective in a wide range of circumstances, and augur well 
for the generic use of the technology. The silencing was 
much more profound with ihpRNA constructs than either 
anti-sense or co-suppression constructs; some ihpRNA 
transformants were close to exhibiting a complete knock- 
out of the target endogenous gene. However, most of the 
ihpRNA plants showed dramatically reduced but detect- 
able levels of target gene activity. This variation in degree 
of silencing In the ihpRNA plants may be a useful feature 
for gene discovery and genomics: complete silencing of 
genes required for basic cell function or development will 
probably be embryo-lethal and therefore not easily 
recovered using traditional tagging approaches, whereas 
the reduced gene expression caused by hpRNA constructs 
may give viable plants with phenotypes indicative of the 
role of the target gene. 

Although the pHANNIBAL construct should be very 
useful for studying a modest number of genes {e.g. 10- 



50), such as in a metabolic pathway, it would not be 
feasible with normal resources to use it for hundreds to 
thousands of genes. However, the pHELLSGATE vector 
has the potential to facilitate making large numbers of 
gene ihpRNA constructs rapidly and efficiently. The simple 
steps required, namely PGR, incubation of the PGR product 
with the vector and recombinase, selection of recombinant 
plasmid, and then transformation into Agrobacterium, are 
steps that could easily be automated. The templates for 
PGR could be the defined genes in an EST library using 
standard forward and reverse primers. Alternatively, given 
that ihpRNA constructs with arms as small as 98 nt give 
effective silencing, oligosynthesizers could be automated 
to systematically synthesize oligonucleotides of each 
computer-identified gene along a chromosome, or for 
genes for which no function is known, and pass these 
primers into an automated ihpRNA production system. 

It has been shown that RNAI in Drosophila is directed by 
21 nt dsRNA oligomers derived from the inducing dsRNA 
(Elbashir etal,, 2001; Zamore etaL, 2000). Similar 21-25 nt 
RNAs have also been found associated with PTGS in plants 
(Hamilton and Baulcombe, 1999; Waterhouse etaL, 2001). It 
is tempting to speculate that the minimum region of 
homology between an mRNA and the arms of an effective 
hpRNA will also be 21-25 nt. If so, this rule would allow the 
design of hpRNAs to silence a single member of a gene 
family, as such unique sequences are present in most gene 
families. Also, by choosing conserved regions, it may be 
possible to silence whole gene families using a single 
construct. However, these rules remain to be proven. 

Experimental procedures 

Plasmid construction 

Standard gene cloning methods (Sambrook etai, 1989) were 
used to make the gene constructs. The plasmids for dicot 
transformation were derived from pART7 and pART27 (Gleave, 
1992), and those for monocot transformation were derived from 
pVec4 (Wang etaL 1997, Wang etaL 1998). The accession 
numbers of the gene sequences, and the co-ordinates of the 
sequences used in the hpRNA, co-suppression and anti-sense 
constructs, are shown in Table 1. The annotated sequences of 
pHANNIBAL pKANNIBAL and pHELLSGATE are lodged with 
EMBL and have accession numbers AJ311872, AJ311873 and 
AJ311874, respectively. Constructs made in pHANNIBAL were 
subcloned as A/ofl fragments into pART27, then introduced into 
Agrobacterium strains AGLl or LBA4404 either by electroporation 
or tri-parental mating. pHELLSGATE was maintained in E. coH 
strain DB3.1 (Invitrogen, Carlsbad, CA, USA) in which the ccdB 
gene is not lethal. 

Plant transformation 

Nicotiana tabaccum (W38), cotton and rice were transformed 
essentially as described by Ellis etal. (1987), Cousins etal. 11991) 
and Wang etal. (2001), respectively. Arabidopsis was transformed 
by the dipping method of Clough and Bent (1998). 
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Analysis of transgenic plants 

Northern blot analysis for the presence or absence of short RNAs 
was performed essentially as described by Wang etai {2001). 

Polyphenol oxidase (PPO) activity was measured using an 
oxygen electrode essentially as described by Robinson and Dry 
(1992). Rice and tobacco were tested for GUS activity using the 
histochemical stain X-glucuronide essentially as described by 
Jefferson etal. (1987). The reactions of plants to potato virus Y 
were analysed as described by Waterhouse etal. (1998). The 
activity of EIN2, which is required in the ethylene perception 
pathway, was observed by growing plants on media containing 1- 
aminocyclopropane-1-carboxylic acid (ACC) as described by 
Alonso etal. (1999). To identify lines silenced for EIN1, at least 
30 progeny of each transformed line were germinated and grown 
on ACC-containing media. 

To measure the effect of silencing FLC1, 20-30 seeds from each 
transgenic C24 Arabidopsis line, the transposon mutant flc13 
(Sheldon etal., 2000), and a control GUS line, were germinated 
and grown on kanamycin plates as described by Sheldon etal. 
(2000). The plants were scored daily over a 40-day period for the 
appearance of flowers. Flowering time (FT50) for each line was 
taken as the number of days after germination for 50% of the 
plants to show flowering. After flowering, the number of leaves of 
10 randomly selected plants was counted for each line. 

Chalcone synthase (CHS) activity was monitored by visual 
observation of stem and leaf colour in plants grown under high 
light, and by unaided or microscope-assisted visual observation 
of seed-coat colour. The seeds were collected after they had 
matured and dried on the plant. The relative flavonoid concen- 
trations in seeds were determined by measuring extracts for 
absorbance between 490 and 530 nm in a Spectramax 340-PC 
(Molecular Devices Corporation, Sunnyvale, CA, USA). Duplicate 
extracts were made from 25 mg seed of each line, essentially as 
described by Gerats etal. (1982). The average absorbance value 
for each line was mathematically transformed to give relative 
values such that the tt4 and wild-type seed became values of 0 
and 100%, respectively. 

The activity of A12- and A9-desaturase activity during lipid 
synthesis was estimated from the relative proportions of individ- 
ual fatty acids in mature seed, as determined by routine methods 
for GO analysis of fatty acid methyl esters. 

Unless otherwise stated, plants were considered to be showing 
silencing when they showed obvious appropriate phenotypic 
differences from wild-type plants, or when they had a gene 
activity that was reduced by at least 20%. 



AttB primers, PCR and recombination reaction for 
introduction of sequences into pHELLSGATE 

Primers with attBI and attB2 sequences were purchased from Life 
Technologies. Polymerase chain reactions (PCR) and in vitro BP 
clonase recombination reactions were carried out according to 
the manufacturer's instructions (Invitrogen). The recombination 
reaction product was either electroporated or heat-shocked into 
RbCI-treated DH5a E. coll 
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Double Jeopardy: Both Overexpression and Suppression of a 
Redox-Activated Plant Mitogen-Activated Protein Kinase 
Render Tobacco Plants Ozone Sensitive 

Marcus A. Samuel and Brian E, Ellis^ 

Biotechnology Laboratory, University of British Columbia, Vancouver, British Columbia, V6T 1Z3 Canada 

In plants, the role of mitogen-actlvated protein kinase (MARK) in reactive oxygen species (ROS)-based signal transduc- 
tion processes is elusive. Despite the fact that ROS can induce MARK activation, no direct genetic evidence has linked 
ROS-induced MARK activation with the hypersensitive response, a form of programmed cell death. In tobacco, the ma- 
jor ROS-induced MARK is salicylate-induced protein kinase (SIRK). We found through gain-of-function and loss-of- 
function approaches that both overexpression and RNA interference-based suppression of SIRK render the plant sen- 
sitive to ROS stress. Transgenic lines overexpressing a nonphosphorylatable version of SIRK were not ROS sensitive. 
Analysis of the MARK activation profiles in ROS-stressed transgenic and wild-type plants revealed a striking interplay 
between SIRK and another MARK (wound-induced protein kinase [WIRK]) in the different kinotypes. During continuous 
ozone exposure, abnormally prolonged activation of SIRK was seen in the SIRK-overexpression genotype, without WIRK 
activation, whereas strong and stable activation of WIRK was observed in the SIRK-suppressed lines. Thus, one role of 
activated SIRK in tobacco cells upon ROS stimulation appears to be control of the inactivation of WIRK. 



INTRODUCTION 



Mitogen-activated protein kinase (MARK) modules fonri a 
key part of the eukaryotic signal transduction network that 
links environmental inputs to a wide range of modifications 
of cellular functions, ranging from cell division to cell death. 
In plants, MARK signaling has been implicated in defense 
against pathogens and herbivores, in cellular responses to 
auxin, abscisic acid, and other phytohormones, in cell cycle 
control, in the induction of programmed cell death, and In re- 
sponses to abiotic stresses such as UV light and ozone (Zhang 
and Klessig, 1997; Kovtun et al., 1998; Romeis et al., 1999; 
Heimovaara-Dijkstra et al., 2000; Samuel et al., 2000; 
Nishihama et al., 2001 ; Yang et al., 2001 ; Miles et al., 2002). 

A variety of stress responses have been found to involve 
the rapid activation of a specific subset of plant MAPKs, no- 
tably Arabidopsis MPK6 (Ichimura et al., 2000; Kovtun et al., 
2000; Nuhse et al., 2000; Yuasa et al., 2001) and its orthologs 
in other species, such as salicylic acid-induced protein ki- 
nase (SIPK) in tobacco (Zhang and Klessig, 1998a, 1998b; 
Romeis et al., 1999; Mikolajczyk et al„ 2000; Samuel et al„ 
2000; Zhang et al., 2000) and salt stress-induced MARK 
(SIMK) in alfalfa (Cardinale et al., 2000). Because many biotic 
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and abiotic stressors (virus infection, treatment with microbisil 
elicitors, wounding, and osmotic stress) elicit a very rapid ox- 
idative burst in plant cells, the apparent convergence of dis- 
parate stress signals on this particular MARK node may be 
related to the sensitive response of MPK6/SIPK to redox 
perturbation. 

Exposure to ozone immediately creates an oxidizing envi- 
ronment in plant tissues and triggers an array of cellular re- 
sponses, including the accumulation of antioxidants, elicita- 
tion of pathogenesis-related proteins, deposition of phenols, 
induction of ethylene synthesis, suppression of primary met- 
abolic activities such as photosynthesis, and eventually cell 
death (Dan^all, 1989; Schraudner et al., 1992; Conklin and 
Last, 1995; Shanma and Davis, 1997; Tuomainen et al., 
1997). Ozone enters the plant mesophyll through the sto- 
mata and diffuses through inner air spaces. In the cell wall 
and plasmalemma, it is converted spontaneously to reactive 
oxygen species (ROS) by contact with either water or mem- 
brane components (Sharma and Davis, 1997). The ozone- 
induced cell death process is influenced by the interaction 
of multiple signaling molecules, including salicylic acid, jas- 
monlc acid, and ethylene (Orvar and Ellis, 1 997; Ovemnyer et al., 
2000; Rao etal., 2000). 

One of the earliest responses elicited by ozone and other 
ROS generators in plants is the activation of specific MAPKs 
(Samuel et al., 2000; Desikan et al., 2001). The primary ROS- 
activated tobacco MARK has been identified as the 46-kD 
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SIPK; a second MARK, the 44-kD wound-induced protein 
kinase (WIPK), usually responds more weakly (Kumar and 
Klessig, 2000; Samuel et al., 2000). 

The rapid activation of these MAPKs suggests that their 
action on downstream targets could be important for the 
modulation of the cellular response to increased oxidative 
damage, but direct evidence for that role is lacking in plants. 
No intracellular substrates have been identified for either 
SIPK or WIPK, nor have loss-of-function genotypes been as- 
sessed for their ability to control redox stress. Stable overex- 
pression or suppression of SIPK or WIPK in transgenic to- 
bacco apparently did not result in the alteration of its activity 
{Yang et al., 2001). By contrast, transient overexpression of 
SIPK or its upstream activator, NtMEK2, in an active fomri 
has been shown to lead to the activation of either SIPK or 
both SIPK and WIPK, with associated induction of defense 
genes and hypersensitive response (HR)-like cell death (Yang 
et al., 2001; Zhang and Uu, 2001). This finding suggests that 
SIPK may play a role as a positive regulator in the cell death 
pathway. 

The previously reported inability to produce SIPK-sup- 
pressed lines, and the lack of phenotype or alteration of SIPK 
activity reported for overexpression lines (Yang et a!., 2001), 
have suggested that the normal functioning of this kinase 
may be essential for cell survival. However, we report here, 
using RNA interference (RNAi) technology, the recovery and 
analysis of transgenic tobacco plants in which SIPK is either 
overexpressed ectoplcally or largely eliminated. These plants 
display distinctive ozone response phenotypes that confirm 
the importance of SIPK activation for the effective control of 
ROS damage and also reveal an unexpected interplay between 
the activities of SIPK and WIPK. 



RESULTS 



Infiltration of fully grown tobacco leaves with a suspension 
of Agrobacterium tumefaciens cells carrying a SIPK-FLAG 
overexpression construct resulted in the accumulation of the 
epitope-tagged SIPK protein in the infiltrated tissue within 48 h. 
In unstressed cells, endogenous SIPK was not phosphory- 
iated at the TXY motif found in the activation loop of the ki- 
nase, as indicated by the absence of any signal in the con- 
trol lane of a protein gel blot (Figure 1C) prepared using an 
anti-pMAPK antibody that specifically recognized the dou- 
bly phosphorylated protein. In the infiltrated tissue, however, 
at least a portion of the pool of SIPK became activated by 48 h 
after infiltration, with even greater activation observed by 
72 h. In the same period, the infiltrated zones showed signs 
of tissue collapse, and by 96 h, these zones became com- 
pletely necrotic (Figure 1A). 

When leaves were coinfiltrated with Agrobacterium carry- 
ing the SIPK-FLAG overexpression constnjct plus an RNAi 
construct that targeted SIPK, both expression and activation 
of SIPK-FLAG were suppressed completely (Figures IB and 
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Figure 1. Post-Transcriptional Gene Silencing-lnduced Suppres- 
sion of Cell Death Triggered by Transient Overexpression of SIPK. 

Coinfiltration with Agrobacterium containing the SIPK-FLAG con- 
struct along with the SIPK-RI construct inhibited the cell death pro- 
cess induced by transient overexpression of SIPK-FLAG alone (A). 
Protein sannples extracted at different times after infiltration of the 
constructs were immunoblotted with either anti-FLAG antibody (B) 
or phospho-MAPK-specific antibody (anti-pERK) (C). -,+,++ , and 
+ + + indicate the extent of visible lesions appearing in the infiltrated 
zones. EV, agrobacterium carrying empty vector. 



1C), The cell death induced by the overexpression of SIPK- 
FLAG in the infiltrated zones also was eliminated (Figure 1 A). 

The cell death associated with the spontaneous activation 
of SIPK in overexpression (OX) transgenic cells suggested 
that it might be difficult to recover stably transformed lines 
using this construct, but cocultivation of tobacco leaf discs 
with the appropriate Agrobacterium culture and selection on 
kanamycin yielded a number of transgenic lines that were 
found to ectoplcally express a range of levels of SIPK-FLAG 
(Figure ZP^. No spontaneous activation of SIPK was detected 
in these lines, all of which displayed nomnal growth and devel- 
opment phenotypes. 

Transformation of tobacco leaf discs with the SIPK-RI 
construct also yielded stable transgenic lines, although with a 
sharply reduced frequency. In the recovered Rl lines, silenc- 
ing of endogenous SIPK expression was observed to vary- 
ing degrees, ranging from partial reduction in both SIPK 
mRNA and protein to elimination of both products (Figures 
3B and 30). The specificity of this silencing was shown by 
the continued expression in most of the recovered Rl lines 
of the closely related NTF4 MAPK gene, whose cDNA se- 
quence is 89% identical to that of SIPK (Figure 3D). The Rl 
lines again showed largely nomnal growth and development 
phenotypes, although the most severely suppressed lines 
showed some modest tendency to dwarfing (data not shown). 

Plants of both the OX and Rl lines showed no signs of 
spontaneous cell death under normal growth conditions. 
However, exposure of mature OX or Rl leaves to levels of 
ozone that caused no visible injury to wild-type plants (500 
parts per billion [ppb]) resulted in the rapid appearance of 
small necrotic lesions on leaves of both the transgenic 
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Figure 2. Transgenic Tobacco Plants Overexpressing SIPK-FLAG 
Show Increased Ozone Sensitivity. 

(A) Proteins (40 jig) extracted from leaves of the different OX lines 
ectoplcally expressing SIPK-FLAG were immunoblotted using anti- 
FLAG antibody. 

(B) Transgenic tobacco line 0X4 and wild-type tobacco (Xanthi-nc) 
plants (n = 25) were exposed to ozone (500 ppb) for 8 h. The treated 
leaves were photographed 24 h after exposure. 

WT, wild type. 



genotypes (Figures 2B and 3E). The kinetics of this oxidative 
stress dsimage were quite different. Lesions consistently ap- 
peared on the leaves pf OX plants as early as 4 to 6 h, but 
visually sinnilar lesions only appeared on Rl leaves ^24 h 
later. In plants challenged with lower ozone concentrations 
(250 ppb), an analogous pattenn was observed except that 
the necrotic responses were delayed until 48 h (OX) and 72 h 
(Rl) (data not shown). When leaf discs prepared from the 
wild-type, OX, and Rl genotypes were assayed for the loss 
of membrane integrity and associated ion leakage resulting 
from ozone exposure (500 ppb), differential timing of the 
damage response also was observed (Figure 4). 

To assess in situ the relative levels of hydrogen peroxide 
accumulation induced by ozone exposure, control and ozone- 
treated leaf halves were infiltrated with 3,3'-diaminobenzidine 
solution. The staining patterns revealed no detectable levels 
of hydrogen peroxide in untreated leaves of any of the geno- 
types or in leaves of wild-type plants after 8 h of ozone ex- 
posure. However, strong 3,3'-diaminobenzidine staining was 
observed in both the OX and Rl lines after ozone treatment 
(Figure 4B). 

The observation that overexpression of SIPK-FLAG in in- 
filtrated leaves was accompanied by the spontaneous acti- 
vation of MARK and by cell death raised the question of 
whether activation of the ectopically expressed protein was 
necessary for the induction of cell death. Therefore, site- 
directed mutagenesis was used to create a version of SIPK- 
FLAG in which the TEY motif found in the activation loop of 
SIPK had been converted to an AEF sequence. This modifi- 



cation yielded a kinase that retained a low level of basal ac- 
tivity when the recombinant protein was assayed in vitro 
against myelin basic protein (Figure 5A), but it could not be 
activated further through dual phosphorylation of the activa- 
tion loop by upstream MARK kinases. Unlike the SIPK-FLAG 
construct, when transiently expressed in tobacco leaves, the 
SIPK(AEF)-FLAG construct failed to cause cell death in the 
infiltrated zone (data not shown). 

Stably transformed tobacco plants expressing high levels 
of SIPK(AEF)-FLAG also were recovered readily after Agro- 
bacterium cocultivation, and these plants displayed no visi- 
bly altered phenotype. Despite accumulating similar levels 
of the epitope-tagged kinase (Figure 5B), the ozone sensitiv- 
ity of these SIPK(AEF) transgenic lines did not differ from that 
of wild-type plants (data not shown). This finding indicates 
that the heightened ozone sensitivity observed in SIPK-OX 
transgenic lines requires not only that the ectopically ex- 
pressed kinase be expressed at high levels within the plant 
cell but that it have the capacity to become activated. 

The activation status of both SIPK and WIPK in tobacco 
tissue extracts can be assessed either on protein gel blots 
using a phosphospecific antibody or by immunoprecipitation 
with antibodies that discriminate between SIRK and WIPK, 
followed by in gel or in vitro kinase activity assays. When the 
various transgenic and wild-type tobacco lines were moni- 
tored during a 30-min period of ozone exposure, striking dif- 
ferences in the pattem of kinase activation were observed 
among these genotypes (Figure 6). 

As reported previously (Samuel et al., 2000), ozone treat- 
ment led to the rapid activation of SIPK in leaves of wild-type 
plants. This was accompanied by a much weaker activation 
of the smaller kinase, WIPK (Figure 6A). In the 0X4 genotype, 
ozone exposure also led to SIPK activation, but the level of 
activation appeared to be depressed relative to the wild-type 
response, despite the presence of far greater amounts of ec- 
topically expressed SIPK in the OX cells (Figures 68 and 60). 
No activation of WIPK was detected in the OX tissue samples. 

The SIRK{AEF) genotype presented a kinase activation pro- 
file that was very similar to that of the wild type. This indicates 
that flooding the cell with a nonactivatable version of SiPK 
(a potential dominant-negative form) does not interfere with 
the ability of the upstream MARK cascade elements to trans- 
mit oxidant-induced signals to their cognate MAPKs. 

Exposure of the Rl genotype to ozone, on the other hand, 
yielded a very different MARK activation profile. Very weak 
or no SIRK activation was detected, as would be predicted 
for a genotype in which SIRK expression has been suppressed 
by post-transcriptional gene silencing (Figures 6A and 60). In- 
stead, ozone exposure produced strong and specific activa- 
tion of WIPK. The identity of these highly activated kinases in 
ozone-treated leaves of each genotype was confirmed through 
immunoprecipitation of the 30-min ozone-treated protein ex- 
tracts with either SIRK- or WIRK-specific antibodies, followed 
by in gel kinase assays (Figures 6D and 6E). 

Aside from the unexpected massive activation of WIPK, 
the stability of that activation also was strikingly different in 
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Figure 3. SIPK-Suppressed Lines Also Are Sensitive to Ozone. 

(A) RNAi construct under the control of the 35S promoter of Cauliflower mosaic virvs. 

(B) SIPK is suppressed in four of the six PCR-positive lines. RNA get blot analysis was performed using total RNA (15 jig) extracted from wild- 
type and SIPK-RI lines and probed with the radiolabeled C-terminal fragment of the SIPK ORF. Autoradiography revealed essentially no SIPK 
mRNA in four of the six PCR-positive lines (top). Ethidium bromide staining of the get showed equal loading of RNA (middle). Immunoblot analy- 
sis of protein samples from the same lines indicated the absence of detectable amounts of SIPK protein in all four SIPK-suppressed lines (bot- 
tom). 

(C) Similar results were observed when reverse transcriptase-mediated PCR was conducted using S/P/C-specific primers. 

(D) NTF4 gene expression in the SIPK-suppressed lines was analyzed by reverse transcriptase-mediated PCR using gene-specific primers. 

(E) SIPK-suppressed lines R3 and R5 display ozone-sensitive phenotypes. Plants (n = 15) of SIPK-suppressed tobacco transgenic lines R3 and 
R5, together with wild-type plants, were exposed to ozone (500 ppb) for 8 h per day for 2 days. The treated leaves were photographed 24 h after 
the end of 2 days of exposure. 

V\rr, wild type. 



this genetic background. Normally, when oxidants trigger a 
rapid activation of SIPK, it is a transient response. The acti- 
vation is effectively lost within 1 h, even under conditions of 
continuous oxidant stimulus, as seen in Figure 7A (wild-type 
lane). However, in the Rl genotype, WIPK was not only acti- 
vated rapidly but the pool of this MARK remained continu- 
ously active for up to 8 h after the initiation of the response 
(Figure 7A, Rl lane). Although normally there is far less WIPK 
than SIPK present in tobacco leaves (Zhang and Klessig, 
1998b), the high activation signal observed in the Rl tissue 
extracts did not appear to reflect increased levels of WIPK 
protein in this genotype compared with wild-type plsints, as 
assessed by protein gel blot analysis (Figure 70). 

Interestingly, kinase activation by ozone in the OX geno- 
type also was prolonged abnonmally, relative to that seen in 
ozone-treated wild-type plants, but in this case, the active 
kinase was SIPK rather than WIPK (Figure 7B). In addition, 
unlike the hyperactivated WIPK pool, the extended activation 
of SIPK in the OX line was more transient and disappeared 
within 4 h. This is approximately the time at which visible le- 
sions began appearing on ozone-treated OX leaves. 

Examination of the temporal response of the two genes 
(GSr [glutathione S-transferase] and c/APX [cytosolic ascor- 
bate peroxidase]) whose expression was induced strongly 
by ozone treatment revealed that the loss of SIPK signaling 
in the Rl genotype resulted in a delayed response in the ex- 
pression of both genes. In the OX line, the prolonged activa- 



tion of SIPK signaling resulted in the suppression of GST in- 
duction, whereas APX gene expression was unaffected (Figures 
8Aand 8B). 



DISCUSSION 

Plant cells must deal constantly with ROB from a range of 
sources, including photooxidation, mitochondrial electron 
transport, flavin oxidase by-products, and environmental in- 
sults such as UV light, ozone, and ionizing radiation. Against 
this background, ROS pulses ("oxidative burstsT also can oc- 
cur within cells, usually as very eariy responses to localized 
challenges to cellular integrity such as wounding and patho- 
gen assault. These pulses may serve in multiple functions, 
including activation of redox protection mechanisms, modu- 
lation of intracellular signal transduction pathways, and trans- 
mission of systemic signals to neighboring cells. 

A severe oxidative challenge that overwhelms local pro- 
tective measures ultimately will lead to cell death. The ar- 
chetype for this outcome Is the HR response induced during 
incompatible host-pathogen interactions. Similar lesions are 
induced by exposure to increased levels of ozone or UV light. 
The exact process by which cellular integrity fails is unclear, 
but the notion that HR represents a fonm of genetically pro- 
grammed cell death is supported by the Identification of nu- 
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Figure 4. Quantitation of Ozone-Induced Cell Death and Hydrogen 
Peroxide Accumulation in SIPK Kinotypes. 

(A) Ion leakage from leaf discs (five each) of the third and fourth 
leaves of wild-type, 0X4, and RI5 lines v^as assessed as an indicator 
of the loss of membrane integrity 6 and 12 h after the initiation of 
ozone exposure (500 ppb). The data presented are means and stan- 
dard deviations from three independent experiments. 

(B) 3.3'-Diaminobenzidine staining to detect hydrogen peroxide ac- 
cumulation in ozone-treated leaves of SIPK kinotypes. 

WT, wild type. 



merous mutants affected in the process of lesion fonmation 
(Richbergetal., 1998). 

The correlation of ROS pulses with the cell death process 
has been described extensively. Treatments such as chill- 
ing, wounding, pathogen infection, UV in'adiation, and ozone 
exposure rapidly induce ROS accumulation in plant cells, fol- 
lowed later by lesion development. However, despite these 
correlative observations, a functional link between ROS ac- 
cumulation and local lesion formation has yet to be defined. 

It is striking that so many stresses that elicit ROS accu- 
mulation in plant cells consistently appear to activate MARK 
modules as one of their earliest effects (Seo et at., 1 995; Zhang 
and Klessig, 1998b; Allan et al., 2001; Desikan et al., 2001; 
Orozco-Cardenas et al., 2001 ). The MARK observed most con- 
sistently to be activated by both applied stresses and ROS is 
SIPK in tobacco (Samuel et al., 2000; Miles et al., 2002) or its 
apparent orthologs in other species, such as MRK6 in Arabi- 
dopsis (Kovtun et al., 2000; Yuasa et al., 2001) and SIMK in 
alfalfa (Oardinale et al., 2000). This pattem suggests that 



SIRK activation might play an important role in determining 
the response and ultimate fate of the stressed cells. 

Links between ROS-associated cell death and MARK sig- 
naling have been reported for a number of nonplant systems. 
Hydrogen peroxide-induced cell death in cultured nnamma- 
lian oligodendrocyte cells is inhibited by RD98059, a specific 
inhibitor of MEK, the upstream kinase of the ERK1/2 MARK 
(Bhat and Zhang, 1999), whereas delayed and prolonged acti- 
vation of p44 and p42 MARKs is critical for genistein-induced 
programmed cell death in rat primary cortical neurons (Linford 
et al., 2001). Similarly, delayed and persistent activation of 
ERK1/2 is associated with glutamate-induced oxidative cyto- 
toxicity in neuronal cell lines (Stanciu et al., 2000). 

There also is evidence that ROS-activated MARKs may 
play analogous roles in plant cells. Cell death induced in Ar- 
abidopsis cell suspension cultures by treatment with a bac- 
terial elicitor (harpin) is inhibited when the cells are treated 
with the MEK inhibitor RD98059 (Desikan et al., 1999), whereas 
pretreatment of tobacco cells with staurosporine, a general 
protein kinase inhibitor, suppresses the cell death nonmalty in- 
duced by exposure to fungal elicitors (Suzuki et al., 1999), 

Genetic manipulation experiments also have implicated 
MARK activation in the cell death process. In Arabidopsis plants 
overexpressing constitutively active fonms of the MARK kinases 
AtMEK4 and AtMEKS under the control of an inducible pro- 
moter, HR-like lesions appeared after induction with dexa- 
methasone, and lesion fomriation was preceded by the acti- 
vation of endogenous MARKs and the accumulation of 
hydrogen peroxide (Ren et al., 2002). Transient overexpression 
of a constitutively active fomn of a MARK kinase {NtMEK2) in to- 
bacco also led to the sustained activation of MARKs, identified 
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Figure 5. Activity and Expression of Mutagenized SIPK. 

(A) The recombinant SIPK activation loop mutant is less active than 
wild-type SIPK. Myelin basic protein (MBP)-phosphorylating activi- 
ties of SIPK and SIPK(AEF) were measured by incubating recombi- 
nant proteins (5 jig) with 5 jig of MBP, as described in Methods. The 
phospho-MBP product was visualized through autoradiography af- 
ter SDS-PAGE fractionation. 

(B) SIPK(AEF) transgenic lines show high expression of the trans- 
gene product. Proteins (40 jtg) extracted from the different lines 
overexpressing SIPK(AEF)-FLAG were fractionated by SDS-PAGE 
and tmmunoblotted using anti-FLAG antibody. 

WT, wild type. 
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Figure 6. Differential Ozone-Induced Activation of SIPK and WIPK in SIPK Kinotypes. 

(A) Crude protein extracts prepared from ozone-exposed tissues from T1 lines of the different SIPK kinotypes {RI5, OX4, and AEF8) and the wild 
type were resolved on a 10% polyacrylamide gel, blotted, and probed with an anti-phospho-ERK antibody to recognize phospho-MAPK forms. 

(B) The same blot was probed subsequently using an anti-FLAG antibody to detect ectopic expression of the transgene product in the different 
kinotypes. 

(C) A replicate protein gel blot was analyzed using a SlPK-specific antibody, revealing high expression of SIPK forms in the overexpressor lines 
and its absence in the SIPK-suppressed lines. 

(D) and (E) Protein samples prepared from ozone-exposed {30 min) tissues from the different kinotypes were immunoprecipitated with either 
SlPK-specific (D) or WlPK-specific (E) antibodies. The immunoprecipitates were subjected to an in gel kinase assay, as described in Methods. 
WT, wild type. 



as SIPK and WIPK, and to the death of the infiltrated tissue 
(Yang et al., 2001). Transient overexpression of SIPK itself 
was shown subsequently to result in the formation of HR-like 
lesions, but only in young leaves (Zhang and Uu, 2001). 

We have confinmed that ectopic SIPK overexpression leads 
to the appearance of high levels of the activated kinase in Agro- 
bacterium-infiltrated tobacco tissue and to rapid cell death (Fig- 
ure 1). On the other hand, when stably transformed tobacco 
plants were produced that overexpressed epitope-tagged SIPK 
(Figure 2), they displayed no visible phenotype. When exposed 
to ozone, however, the transgenic SIPK-OX plants proved to 
be much more sensitive than the nontransgenic parental line, 
indicating that ROS-induced cell death was controlled less 
effectively in the overexpression genotype. 

Although this pattern is consistent with the results of NtMEK2 
or SIPK-OX transient expression, its physiological relevance 
remains uncertain, because we know little about the effects 
of the accumulation of nonphysiological levels of active sig- 
nal components on cellular function. To unambiguously iden- 
tify a functional relationship between ROS activation of SIPK 
and ROS-induced cell death, we turned to the creation of de- 
fined loss-of-function mutants. 

The modification of SIPK function in transgenic tobacco 
plants using either conventional gene-silencing methods (co- 
suppression and antisense-mediated suppression) or overex- 
pression of dominant-negative fonns proved ineffective (Yang et 
al., 2001) (data not shown). However, expression of an intron- 
containing "hairpin RNA" (Smith et al., 2000) designed to target 
a unique tract within the SIPK coding sequence yielded a num- 
ber of transgenic plants in wh\ch SIPK expression was sup- 



pressed severely and specifically through post-transcriptional 
gene silencing. Loss of SIPK had no obvious phenotypic conse- 
quences for plants grown under normal greenhouse conditions. 

Given the sensitivity of SIPK-OX lines to ozone, it might have 
tjeen predicted that the absence of this kinase would have no 
effects, or perhaps even positive effects, on the ozone sensitiv- 
ity of the SIPK-RI lines. Instead, after ozone treatments that in- 
duced no visible damage on wild-type plants, the SIPK-RI 
lines developed numerous lesions on their middle leaves within 
24 h. Thus, the inability of the suppressed genotype to gener- 
ate and activate SIPK compromises the cell's ability to manage 
ROS stress and to control cell death, although apparently on a 
different time scale from that obsen/ed in SIPK-OX plants. 

Which facet of ROS-stress management has been compro- 
mised in SIPK-OX and SIPK-RI plants is not clear. No consti- 
tutive hydrogen peroxide accumulation was detected in any of 
the genotypes, suggesting that their heightened ozone sensi- 
tivity is not the consequence of a preexisting accumulation of 
ROS. Instead, it appears that alteration of the normal ozone- 
induced MAPK activation process, through either unregulated 
overexpression or suppression, creates an inability to cope 
with increased redox stress. Examination of the transcriptional 
activity of two genes whose mRNAs accumulate rapidly after 
ozone exposure showed that the response of both genes was 
affected differently (Figure 8). 

Expression of cAPX, which encodes a major ROS-scaveng- 
ing enzyme, was induced less effectively by ozone in Rl plants, 
whereas it was unaffected in the OX line. Antisense suppres- 
sion of cAPX was shown previously to create hypersensitivity 
to both ozone (On/ar and Ellis, 1997) and pathogens (Mittler 
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Figure 7. Loss of SIPK Has Differential Effects on the Expression of 
Ozone-Induced Genes and Leads to the Hyperactivation of WIPK. 

(A) and (B) Extended ozone exposure reveals strong and prolonged 
activation of WIPK in the Rl line. A temporal profile of the phosphor- 
ylation status of SIPK and WIPK was generated through anti-pERK 
immunoblotting of crude proteins extracted from tissues of either 
wild-type and Rl lines (A) or OX and AEF lines (B) exposed to ozone 
for different times (0 to 8 h). 

(C) Alteration of SIPK does not lead to changes in the amount of 
WIPK. Protein extracts from untreated and 4-h ozone-treated tissues 
from different kinotypes were immunoblotted with anti-WIPK antibody. 
Wr, wild type. 



et a!., 1999) in transgenic tobacco plants. On the other hand, 
ozone-induced expression of GST, a general cellular pro- 
tectant, was suppressed strongly in the OX line, but its ex- 
pression was delayed markedly in the Rl line. In Arabidopsis, 
both hydrogen peroxide and ozone induce GST expression 
(Clayton et al., 1999; Grant et al., 2000), and this expression 
has been demonstrated to require the activity of an unidenti- 
fied 48-kD MARK and calcium ion influx. Calcium channel 
activity also is essential for the ROS activation of SIPK in to- 
bacco (Samuel et al., 2000), 

The delayed response of the antioxidant genes in the Rl 
line could result in increased early accumulation of ROS (Fig- 
ure 4B), which could lead to a necrotic cell death process. In 
the OX line, although the cAPX gene response to ozone ap- 
peared to be nomnal, the antioxidant response clearly was 
unable to contain the increasing ROS levels associated with 
extended SIPK activation (Figure 4B). MARK activation has 
been linked previously to Increased ROS accumulation in Ar- 
abidopsis (Ren et al., 2002). A broader comparison of tran- 
script profiles should generate useful insights into other con- 
nections between the transmission of redox signals by SIPK 
and the ability of the cell to avoid oxidative cell death. 

Another aspect of the link between SIPK activation and 
cell death is revealed in the pattern of MARK activation in ROS- 
stressed plants. The activation of SIPK by ozone occun^ 
within 10 min in SIPK-OX plants but was not reversed for 4 h, 
by which time cell death already was becoming visible. This 
outcome is similar to the association of the prolonged activa- 



tion of mammalian ERK with the induction of programmed cell 
death in neurons (Stanciu et al., 2000). Considered together 
with the results of the transient expression experiments, this 
finding demonstrates that the unregulated continuous activity 
of SIPK within plant cells profoundly affects normal homeo- 
static mechanisms. 

The absence of SIPK in the SIPK-RI genotype also led to 
premature cell death under redox stress conditions, but in this 
case, the hyperactivated species observed was WIPK rather 
than SIPK. There have been other indications that WIPK plays 
a central role in plant stress signaling. This gene was identified 
originally on the basis of its rapid and transient induction upon 
wounding of tobacco leaves (Seo et al., 1995), and the gene 
product was shown later to be activated transiently by wound- 
ing (Seo et al., 1999) and by various other stresses (Romeis et 
al., 1999; Zhang et al., 2000), WIPK activation usually is ac- 
companied by the activation of SIPK, but SIPK and WIPK do 
not always respond in unison; some oxidative stresses appear 
to activate SIPK preferentially and leave WIPK unaffected 
(Kumar and Klessig, 2000; Samuel et al„ 2000). 

WIPK activity, either alone or together with SIPK, has been 
suggested to be involved in the induction of cell death in cul- 
tured tobacco cells by specific fungal elicitor treatments 
{Zhang et al., 2000). Pretreatment of the elicited cells with stau- 
rosporine and K252A (protein kinase inhibitors) completely 
suppressed both WIPK activation and cell death. However, 
transient overexpression of WIPK did not result in its activation 
and failed to induce cell death in infiltrated tobacco leaves, un- 
like overexpression of SIPK (Zhang and Liu, 2001). In another 
study, the stable overexpression of WIPK in transgenic to- 
bacco was accompanied by the constitutive expression of 
protease inhibitor II and the accumulation of methyl jasmonate 
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Figure 8. Alteration of SIPK Signaling Affects the Expression of GST 
and cAPX. 

RNA gel blot analysis of the accumulation of cAPX (A) and GST 
mRNA (B) in wild-type, SIPK-overexpressing, and SIPK-suppressed 
transgenic tobacco. Plants were exposed to ambient air (C) or 500 
ppb of ozone for 2, 4, and 8 h, and total RNA was harvested from 
the third and fourth leaves. 
WT, wild type. 
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(Seo et al., 1999), but the oxidative stress sensitivity of the 
WIPK-OX lines was not reported. 

How SIPK elimination leads to the prolonged hyperactiva- 
tion of WIPK is unknown, but various possibilities suggest 
themselves. If NtMEK2 is the sole upstream MAPK kinase re- 
sponsible for the activation of both SIPK and WIPK, these 
two MAPKs may normally compete for binding to NtMEK2. 
However, basal levels of SIPK in unstimulated tobacco cells 
are much higher {10-fold) than those of WIPK (Zhang and 
Klessig, 1998b). In the absence of competition from SIPK, 
activation of WIPK by NtMEK2 activation in SIPK-RI cells may 
be much more efficient than usual. This scenario also might 
explain why WIPK remains largely inactivated in ozone-treated 
SIPK-OX tissues in which an excess of SIPK is present. How- 
ever, although this model accounts for WIPK hyperactiva- 
tion, it does not necessarily explain why that activation is 
prolonged abnormally. 

Altematively, one of the normal roles of activated SIPK may 
be the direct or indirect regulation of WIPK activity. Both dual- 
specificity phosphoprotein phosphatases (MKP) and Ser/Thr 
phosphatases have been implicated in inactivating MAPK 
pathways in mammalian and plant models (Brondello et al., 
1997; Meskiene et al., 1998; Ulm et al., 2001; Westenmarck et 
al., 2001). If SIPK activity is required for the induction or ac- 
tivation of a protein phosphatase that normally acts upon 
phospho-WIPK, the absence of SIPK from oxidant-stressed 
SIPK-RI cells would create a situation in which WIPK could be 
activated by its cognate MAPK kinase but could not be inacti- 
vated subsequently. 

In this regard, it is interesting that Arabidopsis plants in 
which a dual-specificity phosphatase (AtMKP-1) has been 
mutated by T-DNA insertional mutagenesis display increased 
activation of an unidentified '^49-kD MAPK and are more sus- 
ceptible to ROS-generating stresses (e.g., UV light) (Ulm et 
al., 2001). On the other hand, MP2C, an alfalfa Ser/TTir phos- 
phatase belonging to the PP2C class, has been shown to be a 
negative regulator of the MAPK pathway involving stress-acti- 
vated MAPK, an apparent ortholog of WIPK (Meskiene et al., 
1998). Both classes of protein phosphatase could be in- 
volved in cross-regulation mechanisms. Resolution of this 
question, and of the relative importance of the loss of SIPK 
activity versus the enhancement of WIPK activity in controlling 
oxidant-induced cell death, will require the development and 
analysis of other relevant single and multiple loss-of-function 
genotypes. These studies are now under way. 



METHODS 

Plant Material and Treatment 

Tobacco {Nicotiana tabacum) plants of all genotypes were grown for 
6 weeks in soil under controlled environmental conditions (25/20''C, 
16-h-light/8-h-dark cycle) and then exposed to ozone (500 parts per 
billion) and harvested as described previously (Orvar and Ellis, 1 997). 



Recombinant Protein Production 

The open reading frame (ORF) of salicylate-induced protein kinase 
(S/PK) was amplified by reverse transcriptasemriediated (RT) PGR 
using gene-specific primers and RNA isolated from untreated leaves 
of tobacco cv Xanthi-nc. The amplicon was cloned in frame into the 
expression vector pGEX 4T-3. Mutations in the activation loop of 
SIPK were introduced using a PCR-mediated approach, taking ad- 
vantage of the unique Nhel restriction site close to the activation 
loop. The mutational primers were designed so that the mutant form 
would code for AEF instead of TEY at amino acid positions Thr-21 8 
and Tyr-220. 

The S/P/C(AEF) gene construct then was cloned into pGEX 4T-3. 
The recombinant glutathione S-transferase (GST) fusion proteins 
were expressed in Escherichia coli BL21 cells by induction with 0.1 
mM isopropylthio-p-galactoside for 4 h at 25°G, followed by purifica- 
tion according to the manufacturer's protocol (Amersham Pharma- 
cia). The different constructs were sequenced to confinm the changes 
and the absence of mismatches. 



Intron-Spliced Hairpin Loop RNA-SIPK Construct 

The double-stranded RNA interference construct was tailored 
through a PCR-mediated approach using the N-terminal sequence of 
the SIPK ORF. A minimal intron based on the splice junctions and 
flanking regions of the fourth intron of AtMPKG (the Arabidopsis 
ortholog of SIPK) was incorporated into the sense-strand primer. The 
sense strand then was amplified using a primer combination that 
generated an EcoRI cleavage site and intron-Xbal sequence on the 
opposite ends of the product, whereas the antisense strand was am- 
plified using a primer combination that added BamHI and Xbal sites on 
the opposite ends of the product. These two products were direction- 
ally cloned into EcoRI-BamHI-processed Bini 9/pRT1 01 through a tri- 
ple ligation, which placed the RNA interference construct under the 
control of the 35S promoter of Cauliflower mosajc virus (Figure 3A). 



Binary Vector Construction and Plant Transformation 

The different SIPK overexpression constructs were tagged with a C-ter- 
minal FLAG epitope through a PCR-mediated approach, followed by li- 
gation into the plant expression vector Bin19/pRT101, which contains 
an npf//-selectable marker. All of the constructs were sequenced to con- 
firm the presence of appropriate changes. The recombinant binary vec- 
tor was used to transfonn competent Agrobacterium tumefaciens 
(EI-IA105) cells by a freeze-thaw transfonmation procedure. 

Agrobacterium-mediated transformation of tobacco (cv Xanthi-nc) 
was performed using a leaf disc cocultivation procedure. Transfor- 
mants were selected on half-strength Murashige and Skoog (1962) 
culture medium containing 50 mg/L kanamycin. Surviving plantlets 
were screened by PGR using 35S forward and gene-specific reverse 
primer combinations. Positive transformants then were screened by 
protein gel blot analysis (see below) using an anti-FLAG antibody for 
the SIPK overexpression lines and anti-SIPK antibodies to assess 
the Rl suppression lines. 

The confirmed transgenic lines were transferred to soil and grown 
to maturity, and seeds were collected. The T1 seeds were germi- 
nated on half-strength Murashige and Skoog (1962) medium with 50 
mg/L kanamycin, and antibiotic-resistant plants were transferred to 
soil and grown under controlled conditions. 
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Transient Transformation Using Agrobacterium Infiltration 

Four- to 6-week-old wild-type tobacco plants (cv Xanthi-nc) were 
used for infiltration experiments as described previously (Yang et al., 
2001). This involved leaf infiltration with a mixed culture (OD of 0.4 at 
600 nm) of Agrobacterium EHA1 05 containing the SIPK-FLAG overex- 
pression construct plus an equal population of Agrobacterium con- 
taining either the empty vector or the SIPK-RI construct. At the indi- 
cated times (Figure 1), the infiltrated area was cut from the leaf, frozen 
in liquid nitrogen, and stored at ~QO°C until further analysis. 



RNA Gel Blot and RT-PCR Analysis 

Total RNA (15 M-g) was resolved on 1 % agarose-fomnaldehyde gels, 
blotted, and probed as described previously (Orvar and Ellis, 1997), 
The 600-bp C-terminal fragment of the SIPK ORF and PCR-amplified 
fragments of the cytosolic ascorbate peroxidase (cAPX) and GST 
were used as probes. Gene-specific primers were used to amplify 
the ORFs of cAPX (fonward, 5'-AGAACAATTGCTATGGGTAAGTG-3'; 
reverse, 5'-GCAAGCTTAAGCTTCAGCAAAT-3') and GST (fonward, 
5'-ATGGCGATCAAAGTGGATGGTA-3'; reverse, 5'-l I I I IGCAG- 
CTTCTCCAATCCC-3') using cDNA as the template. 

The cDNA was synthesized from total RNA extracted from control 
and ozone-exposed tissues of the different genotypes/treatments 
using a first-strand cDNA synthesis kit (Invitrogen, Carisbad, OA). 
RT-PCR was performed using gene-specific primers designed to tar- 
get either SIPK (25 cycles) or NTF4 (30 cycles). The number of cycles 
was adjusted so that the amplification was within the linear range. As 
an internal control, 18S ribosomal cDNA was amplified using a 1:4 
ratio of ISS-specific primers to competitor's DNA fragments pro- 
vided by Ambion (Austin, TX). 



Protein Extraction and Protein Gel Blot Analysis 

Total protein extracts were prepared (40 to 80 \lq) and used for pro- 
tein gel blot analysis as described previously (Samuel et al., 2000). A 
primary antibody dilution of 1 :1 000 was used for anti-pERK (New En- 
gland Biolabs, Beverly, MA), and a dilution of 1 :5000 was used for anti- 
SIPK, anti-wound-induced protein kinase (WIPK) (Seo et al., 1999; Y. 
Ohashi, personal communication), and anti-FLAG (Sigma) antibodies. 



Immune Complex Kinase Assay 

Immunoprecipitations were performed as described previously 
(Samuel et al., 2000) using 250 \Lg of extracted protein together with 
5 ^Lg of either anti-SIPK or anti-WIPK antibodies. The immunoprecip- 
itates were analyzed in an in gel kinase assay as described previ- 
ously using myelin basic protein as the substrate (Zhang and Klessig, 
1997). 



In Vitro Kinase Assays 

GST fusion proteins (5 p.g) of the wild-type and mutant SIPK(AEF) were 
incubated with 5 p.g of myelin basic protein and 10 \lC'\ of 7-32p_ 
labeled ATP (>5000 Ci/mmol) (Amersham Pharmacia) in a 20-p.L re- 
action mixture (20 mM Hepes, pH 7.5, 5 mM MgCl2, 1 mf^ EGTA, 5 
mM 3-mercaptoethanol, 2 mM Na3V04, and 20 mM p-glycerophos- 



phate) at 30°C for 30 min. The reaction was stopped with 6 x SDS 
loading buffer, and the samples were resolved on a 15% polyacryl- 
amide gel, blotted onto a nylon membrane, and visualized by autora- 
diography. 

Ion-Leakage Assay 

Five leaf discs (9 mm) were cut from each of the third and fourth 
leaves of ozone-exposed and untreated plants of the wild type, 0X4, 
and RI5 lines. The 10 leaf discs were incubated in 5 mL of deionized 
water at 25°C on a gyratory shaker at 110 rpm for 4 h, and the 
conductivity of the solution was measured as described previously 
(Mittler et al., 1999). 



In Situ Staining for Hydrogen Peroxide 

Hydrogen peroxide was visualized in situ by 3,3'-diaminobenzidine 
staining performed essentially according to Tonres et al. (2002). Leaf 
halves were collected after 8 h of ozone exposure (500 parts per bil- 
lion) and vacuum infiltrated with the 3,3'-diaminobenzidine (1 mg/ 
mL) solution. Infiltrated leaves were placed under high humidity until 
brown precipitation was observed (5 to 6 h) and then fixed with a so- 
lution of ethanohlactic acid:gIycerol (3:1:1, v/v) for 2 days, followed 
by further clearing in methanol. Unless indicated otherwise, all exper- 
iments were repeated with consistent results. 

Upon request, all novel materials described in this article will be 
made available in a timely manner for noncommercial research pur- 
poses. No restrictions or conditions will be placed on the use of any 
materials described in this article that would limit their use for non- 
commercial research purposes. 
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A Classical Arabinogalactan Protein Is Essential for the 
Initiation of Female Gametogenesis in Arabidopsis 
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Classical arabinogalactan proteins (AGPs) are an abundant class of cell surface proteoglycans widely distributed in 
flowering plants. We have used a combination of enhancer detection tagging and RNA interference (RNAiHnduced 
posttrancriptional silencing to demonstrate that AGPfS, a gene encoding a classical arabinogalactan protein, is essential for 
female gametogenesis in Arabidopsis tiiaiiana. AGP18 is expressed in cells that spatially and temporally define the 
sporophytic to gametophytic transition and during early stages of seed development. More than 75% of the T1 transformants 
resulted in T2 lines showing reduced seed set during at least three consecutive generations but no additional developmental 
defects. >\GPt8-silenced T2 lines showed reduced AGP18 transcript levels in female reproductive organs, the presence of 
21 -bp RNA fragments specific to the AGP18 gene, and the absence of in situ AGP18 mRNA localization in developing ovules. 
Reciprocal crosses to wild-type plants indicate that the defect is female specific. The genetic and molecular analysis of 
>*GPr8-silenced plants containing a single T-DNA RNAi insertion suggests that posttranscriptional silencing of AGP18 is 
acting both at the sporophytic and gametophytic levels. A cytological analysis of all defective AGPfS-RNAi lines, combined 
with the analysis of molecular markers acting at key stages of female gametogenesis, showed that the functional megaspore 
fails to enlarge and mitoticaily divide, indicating that AGP18 is essential to initiate female gametogenesis in Arabidopsis. Our 
results assign a specific function in plant development to a gene encoding a classical AGP. 



INTRODUCTION 

The life cycle of flowering plants consists of a diploid sporophytic 
phase and two morphologically different haploid gametophytic 
phases taking place in specialized reproductive organs. Distinct 
types of meiotically derived cells give rise to the male and female 
gametophytic phases. In the anther, many microsporocytes 
develop into pollen grains, which harbor the sperm cells and 
represent the male gametophyte. In the ovule, usually a single 
sporophytic cell (the megaspore mother cell [MMC]) undergoes 
meiosis and gives rise to four haploid products (the megaspores) 
during a process referred to as megasporogenesis. While three 
of the megaspores undergo programmed cell death, a single 
functional megaspore enlarges and gives rise to the female 
gametophyte (or megagametophyte). In Arabidopsis thallana, 
female gametogenesis initiates when the single functional mega- 
spore divides mitoticaily to form an eight-nucleate syncitium. 
Subsequent cellularization partitions the eight nuclei into seven 
cells: an egg cell and two synergids at the distal (or micropylar) 
pole of the female gametophyte, three antipodals at the proximal 
(or chalazal) pole, and a binucleated central cell whose nuclei 
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fuse before fertilization. This type of development and organiza- 
tion of the female gametophyte defines the Polygonum type that 
prevails in >70% of the species examined (Maheshwari, 1950; 
Willemse and van Went, 1984; Reiser and Fischer, 1993; Drews 
and Yadegari, 2002), Whereas the fusion of a sperm with the egg 
cell forms a zygote that subsequently develops into an embryo, 
fertilization of the binucleated central cell eventually gives rise to 
the endosperm, a triploid tissue essential for seed viability. 

Little is known about the genetic basis and molecular mech- 
anisms that regulate the initiation of female gametogenesis in the 
ovule. A large collection of both sporophytic and gametophytic 
mutants defective In female gametophyte development has been 
identified in Arabidopsis (Schneitz et al., 1997; Christensen et al., 
1998; Howden et al., 1998; Grini et al., 1999; Drews and 
Yadegari, 2002). Whereas sporophytic mutations act at the 
diploid level and are inherited in a Mendelian 3:1 ratio, gameto- 
phytic mutants are poorly transmitted through either one or both 
types of gametes and exhibit distorted segregation patterns. 
Many mutants that disrupt meiosis have been isolated 
(Klimyuk and Jones. 1997; Siddiqi et al., 2000; Yang and 
Sundaresan, 2000; Reddy et al., 2003), but little is known about 
other developmental aspects of megasporogenesis. To date, 
SPOROCYTELESS {SPO)/NOZZLE is the only gene shown to be 
required for the initiation of microsporogenesis and megaspo- 
rogenesis (Schiefthaler et al., 1999; Yang et al., 1999). SPO 
encodes a nuclear protein related to MADS box transcription 
factors that is expressed during early anther and ovule develop- 
ment. In plants homozygous for liadad {hdd) and prolifera iprf), 
female gametophyte development is arrested at either the two- 
nucleate or the four-nucleate stage, respectively. Whereas the 
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gene responsible for the nnutation In hdd has yet to be identified 
(Moore et al.. 1997), PRL encodes a Mcm7-like licensing factor 
essential for DNA replication (Springer et al., 1995). Two in- 
sertional alleles in CYTOKININ-INDEPENDENT 1 , a gene encod- 
ing a putative Arabidopsis His kinase, were shown to cause 
nuclear degeneration in the female gametophyte as early as the 
four-nucleate stage (Christensen et al., 1998; Pischke et al., 
2002). Recently, the NOMEGA gene was shown to be required 
for cell cycle progression beyond the two-nucleate stage; 
NOMEGA encodes a putative APC6/CDC1 6 component of the 
anaphase promoting complex in Arabidopsis (Kwee and Sun- 
daresan, 2003). Several additional gametophytlc mutants that 
fail to progress beyond the one-nucleate haploid stage have 
been identified (Christensen et al., 1998), but the corresponding 
genes have yet to be isolated and characterized. 

Numerous studies showing that modifications of plant growth 
conditions can alter the sporophyte to gametophyte transition 
(Bell, 1 989) or even the whole plant reproductive outcome (Knox, 
1967) indicate that the presence of molecular signals that de- 
termine the fate of competent cells is fundamental for switching 
from a sporophytic into a gametophytlc developmental pathway. 
Several regulatory proteins have been shown to have important 
functions in cell signaling and recognition during plant develop- 
ment. Arabinogalactan proteins (AGPs) are an abundant and 
heterogeneous class of highly glycosylated Hyp-rich glycopro- 
teins widely distributed in the plant kingdom (Fincher et al., 1974; 
Clarke et al., 1979; Kreuger and van Hoist, 1996; Sommer- 
Knudsen et al., 1998; Caspar et al., 2001 ; Showalter, 2001). The 
recent characterization of genes encoding different AGP back- 
bones in several species gave rise to the current distinction 
between classical and nonclassical AGPs (Chen et al., 1994; Du 
et al., 1994; Mau et al., 1995; Knox, 1999). Classical AGPs 
contain a domain responsible for attaching the protein backbone 
to a glycosylphosphotidylinositol (GPI) membrane anchor 
(Schultz et al., 1998; Youl et al., 1998; Sherrier et al., 1999; 
Schindelman et al., 2001 ; Borneret al., 2002; Sun et al., 2004), By 
contrast, nonclassical AGPs lack the GPI anchor signal and 
are soluble components of the extracellular matrix often 
containing Asn- or Hyp-rich domains (Majewska-Sawka and 
Nothnagel, 2000; Schultz et al., 2000; Caspar et al., 2001). 
Molecular and biochemical evidence indicates that AGPs have 
specific functions during root formation (Willats and Knox, 1 996; 
Casero et al., 1998; van Hengel and Roberts, 2002), the pro- 
motion of somatic embryogenesis (Serpe and Nothnagel, 1 994; 
Kreuger and van Hoist, 1993, 1996; van Hengel et al., 2001; van 
Hengel and Roberts, 2002), or the attraction of pollen tubes in the 
style (Du et al., 1994; Cheung etal., 1995; Wu et al., 1995; Jauh 
and Lord, 1996; Roy et al., 1998). The use of monoclonal 
antibodies directed against carbohydrate epitopes provided 
evidence suggesting that AGPs play an important role during 
the alternation between sporophytic and gametophytlc transi- 
tions in the ovule (Pennell and Roberts, 1990; Pennellet al., 1991; 
McCabe et al., 1997). Although these studies elegantly showed 
that the establishment of a female reproductive lineage is 
associated with changes in the distribution of AGP epitopes 
(Pennell et aL, 1992). they did not identify a specific AGP protein 
or the corresponding gene acting during ovule development or 
early embryo formation. A few mutations altering the activity of 



specific genes encoding AGPs in Arabidopsis have been de- 
scribed. Homozygous plants for resistant to agrobacterium 
transformation 1 are resistant to root-dependent transformation 
via Agrobacterium tumefaciens (Nam et al., 1999); however, 
mutant plants are phenotypically indistinguishable from the wild 
type, and no developmental defects associated with the muta- 
tion have been described. The mutation is caused by a T-DNA 
insertion within the promoter region of the Arabidopsis ^GPt 7 
gene (Caspar et al., 2001). A second insertional mutant in a gene 
encoding a nonclassical AGP {AGP30) has recently been shown 
to be involved in root regeneration and seed germination (van 
Hengel and Roberts, 2003). Recently, hybrid-type proteoglycans 
having properties of both AGPs and lipid-transfer proteins have 
been shown to be essential for the differentiation of tracheary 
elements in Zinnia elegans and Arabidopsis (Motose et al., 2004). 

In this study, we report the enhancer detection-based identi- 
fication of AGP18, a classical AGP gene that specifically acts 
during female gametophyte development in Arabidopsis. To 
determine the function of ^GP78, we introduced double- 
stranded RNA in wild-type plants and specifically degraded the 
endogenous yAGP78 transcript by RNA interference (RNAi). More 
than 75% of the primary transformants resulted in lines showing 
reduced seed set but no additional developmental abnormali- 
ties. Reciprocal crosses to wild-type plants suggested that the 
defect is female specific. The genetic and molecular analysis of 
a line containing a single T-DNA RNAi insertion suggests that 
posttranscriptional silencing of AGP18 is acting both at the 
sporophytic and gametophytlc levels. The cytological analysis of 
all defective AGPTS-RNAi lines indicates that AGP18 is essential 
to initiate female gametogenesis in Arabidopsis. Our results 
assign a specific function in plant development to a gene 
encoding a classical AGP. 

RESULTS 

Enhancer Detection Tagging oiAGPIS 

Using the system established by Sundaresan et al. (1995), we 
have generated a Ds enhancer detector and a gene trap 
population to identify patterns of expression associated with 
genes acting during female gametophyte development in Arabi- 
dopsis. The enhancer detection vector relies on a maize (Zea 
mays) Ds transposon carrying a p-glucoronidase reporter gene 
{uidA or GUS) under the control of a minimal promoter. Such 
a reporter construct is not trapping genes but rather integrating 
into genomic sequences to serve as a detector of any given 
regulatory sequence that is acting as an enhancer of promoter 
activity at the specific location of the insertion (Bellen, 1999; 
Springer, 2000). The Ds enhancer detector element (DsE) also 
contains the neomycin phosphotransferase II (NPTIl) gene (con- 
ferring resistance to kanamycin); NPTii acts as a selectable 
marker and facilitates the genetic analysis of segregating en- 
hancer detector or gene trap lines. 

Whole-mount staining and clearing procedures allow screen- 
ing for reporter gene expression (GUS) at different develop- 
mental stages encompassing megasporogenesis and female 
gametogenesis, from the time when the ovule primordium has 
just started its elongation (before MMC differentiation) to stages 
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where the female gametophyte is fully differentiated (J.-P. Vielle- 
Calzada and U. Grossnlklaus, unpublished results; Vielle- 
Calzada et al., 2000). Figure 1 shows the pattern of GUS 
expression identified in MET333. MET333 shows initial GUS 
expression in the chalazal region of the four-nucleate female 
gametophyte (Figure 1A). At the eight-nucleate stage, expres- 
sion is restricted to the young antipodal cells and the cellularizing 




Figure 1. Pattern of GUS Expression in the Enhancer Detector Line 
MET333. 

(A) Female gametophyte at four-nucleate stage. 

(B) Cellularized female gametophyte. 

(C) Mature female gametophyte before fertilization. 

(D) Female gametophyte after fertilization. 

(E) Embryo at four-cell stage. 

(F) Mature pollen with GUS expression associated with the vegetative 
nucleus. 

Sy, synergids; EC, egg cell; E, embryo; FNE, free nuclear endosperm; Su, 
suspensor; CE, chalazal endosperm. Bars in (A) to (E) = 20 ^.m; bar in 
(F) = 10 M-m. 



egg apparatus (Figure 1 B). At maturity, the female gametophyte 
shows GUS expression in the synergids, the egg cell, and the 
antipodals but not in the central cell (Figure 1C), This pattem of 
expression persists after fertilization (Figure ID); however, GUS 
is also expressed in the free nuclear endosperm after fertilization 
of the central cell (Figure ID). During early seed development, 
GUS is expressed in the embryo proper, the suspensor, and the 
chalazal endosperm (Figure IE). Interestingly, MET333 also 
shows GUS expression in cytoplasmic domains closely associ- 
ated with the vegetative nucleus of mature pollen grains and in 
pollen tubes (Figure IF) but not in mlcrosporocytes at earlier 
stages of development. A detailed analysis of MET333 plants 
homozygous for kanamycin resistance did not reveal a mutant 
phenotype at any stage of plant reproductive development. 

DNAgel blot analysis using a DsE-specific probe that includes 
a portion of NPTll showed that two copies of the DsE element 
were present in MET333 heterozygotes but were absent from 
wild-type siblings in which GUS expression was not detected 
(data not shown). Genomic sequences flanking both DsE ele- 
ments were rescued using thermal asymmetric interlaced PGR 
(Liu et a!., 1 995). Sequence analysis of the PGR products showed 
that the DsE elements were inserted 254 and 995 bp upstream of 
the transcription initiation site oiAGP18 (At4g37450). Figure 2A 
illustrates the molecular structure 0IAGPI8 and the localization 
of both DsE insertion sites. AGP18 encodes a classical AGP 
containing a C-terminal domain responsible for anchoring the 
protein to GPI. In animals, GPI anchors have been shown to 
provide an alternative to transmembrane proteins for anchoring 
proteins to components of the cell surface (Takos et al., 1997, 
2000;Schultzetal., 1998; Sveteketal., 1999; Bomeretal.,2002; 
Sharma et al., 2004). Additionally, AGP1 8 contains an N-terminal 
secretory signal predicted to direct the secretion of the protein 
via the endoplasmic reticulum, two Pro-rich domains that are 
possible targets of glycosylation (Tan et al., 2003), and a Lys-rich 
domain predicted to interact with negatively charged molecules 
(Figure 28; Gilson et al., 2001 ; Schultz et al., 2002), The Lys-rich 
domain is present in only 3 of 15 classical AGPs found to be 
encoded in the genome of Arabidopsis (Schultz et al., 2002). RT- 
PCR analysis revealed that the levels of AGP78 transcription in 
MET333 are similar to the wild type, confirming that AGP18 
expression is not diminished by the presence of the DsE 
insertions (Figure 20). 

AGP18 Is Expressed in Adjacent Sporophytic 
and Gametophytic Cells 

To determine if the pattern of GUS expression identified in 
MET333 reflected the pattern of expression of AGP18, we 
determined the localization of AGP18 mRNA by in situ hybrid- 
ization. To avoid the detection of mRNA corresponding to other 
AGP transcripts structurally resembling AGP18, sense and 
antisense digoxygenin-labeled probes were generated using 
a specific portion of the first exon that shows no homology with 
other AGP genes. The results are summarized in Figure 3. 
Detailed analysis of all aerial parts of Arabidopsis demonstrated 
that AGP18 mRNA could be localized only in developing anthers 
and ovules and transiently in clusters of companion cells closely 
associated with vascular elements of the stem. AGP18 is initially 
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Figure 2. Genomic Structure and Protein Organization of AGP18. 

The enhancer detector line MET333 has two DsE elements inserted in the 5' regulatory region o\AGP18, 

(A) Genomic stnjcture of AGP18. The an-ows show the direction of transcription of uidA (GUS). 

(B) Predicted protein structure of AGP18. aa, amino acids. 

(C) RT-PCR analysis shows that the levels of transcription of ^GP?8 are identical in MET333 and wild-type plants. 



expressed in the MMC and the neighboring nucellar cells of the 
young ovule primordlum (Figure 3A). AGP18 expression persists 
in all four products of female meiosis (Figure 3B). At the end of 
megasporogenesis, when the three nonfunctional megaspores 
have already degenerated, AGP18 mRNA is abundant in the 
functional megaspore but also in the adjacent nucellar cells 
(Figure 3C). During female gametogenesis, AGP18 is expressed 
in the developing female gametophyte (Figure 3D). At maturity, 
abundant>4GP78 mRNA can be detected in the synergids (Figure 
3E), the egg cell, and the antipodals but not in the central cell. 
After fertilization, AGP18 mRNA Is present in the developing 
embryo as well as in the free nuclear endosperm (Figures 3F to 
3H). Abundant levels 0IAGPI8 mRNA persist in the embryo until 
the late globular stage and subsequently start to decrease. No 
AGP18 mRNA can be detected in seeds containing torpedo or 
cotyledonary embryos. In the anther, AGP18 is expressed in the 
tapetum and the mature pollen grain (Figures 3K and 3L). These 
results indicate that GUS expression in MET333 overlaps with 
the localization oiAGP18 mRNA, confirming that DsE elements 
partially detect the expression oiAGPIS; however, the absence 
of GUS expression in MET333 sporophytic cells (the developing 
nucellus and the mature tapetum) suggests that additional 



regulatory elements driving the expression of AGP18 are not 
detected by either DsE element. 

Generation oiAGP18-RUA\ Plants and Analysis 
of RNA Levels 

To determine the role of AGP18 in Arabidopsis, a 740-bp 
fragment of the AGP) 8 cDNA was cloned into a pFGG5941 RNAI 
vector (Kerschen et al., 2004) in both sense and antisense 
orientations and used to transform wild-type Columbia plants. 
Figure 4A illustrates the RNAi construct that was used to conduct 
these experiments. pFGC5941 contains a 35S promoter of 
Cauliflower mosaic virus (CaMV35S) that drives the transcription 
of a partial AGP18 sequence cloned in both sense and antisense 
orientations and separated by an intron of the chalcone synthase 
gene. After formation of hairpin RNA structures, the resulting 
double-stranded RNA transcripts can cause posttranscriptional 
silencing of endogenous gene activity (Waterhouse et al., 1998; 
Chuang and Meyerowitz, 2000; Smith et al., 2000). Although 
a detailed pattern of CaM\/35S promoter activity during male and 
female gametogenesis has yet to be determined in Arabidopsis, 
we reasoned that AGP18 transcripts localized in sporophytic 
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Figure 3. Localization o^AGPIS mRNA by in Situ Hybridization. 

(A) MMC stage. Bar = 9 \im. 

(B) Female meiosis stage. Bar = 8 ^.m. 

(C) Functional megaspore stage with young nucellus. Bar = 8.5 (xm. 

(D) Two-nucleate stage female gametophyte. Bar =14 jim, 

(E) Mature female gametophyte. Bar = 8 p,m. 

(F) Zygote stage. Bar = Q^xm. 

(G) Embryo four-cell stage. Bar =15 ^jtm. 

(H) Embryo at early globular stage. Bar - 1 1 ^,m. 

(I) Functional megaspore and young nucellus, sense probe. Bar = 15 ^.m. 
(J) Embryo at early globular stage, sense probe. Bar = 20 M-m. 

(K) Mature pollen. Bar = 24 ^m. 

(L) Anther showing the tapetum. Bar = 20 fjim. 

(M) Longitudinal section of a stem. Bar = 20 jjim. 

(N) Longitudinal section of a stem, sense probe. Bar = 20 \irr\. 

(O) Mature pollen, sense probe. Bar = 20 ^m. 

(A) to (H) and (K) to (M) hybridizations with antisense probe; (I), (J), (N), and (O) hybridizations with sense probe. NC, nucellar cells; FM, functional 
megaspore; DM, degenerating megaspores; Sy, synergids; DSy, degenerating synergid; FG, female gametophyte; Z, zygote; E, embryo; Su, 
suspensor; T, tapetum. 



cells can be the target of RNAi-dependent silencing driven by 
CaMV35S. After floral-dipping transformation, 75 primary 
transformants were generated, none of which showed visible 
defects during vegetative growth, root development, or floral 
organogenesis; however, 58 out of 75 adult T1 transformants 
showed semisterility defects. All 58 transformants maintained 
a reduced fertility phenotype in the T2 generation. To determine 
a possible relationship between a decrease in AGP18 transcript 
levels and the defective phenotype, RNA was extracted from 
developing gynoecia of S/AS7yA-resistant AGP18-RHA\ 12 lines 
and used for RNA gel blot analysis. The results are shown in 
Figure 48, with actin as a constitutive control to show that equal 
amounts of RNA were used. Compared with wild-type plants, all 
10 T2 lines tested showed a substantial decrease in the tran- 
scripts levels oiAGP18. Among those lines, T2-12, T2-44, and 
T2-58 showed significantly >50% reduction in seed set, whereas 



T2-63 and T2-53 had a 27.4 and 49.8% reduction, respectively. 
No correlation was found between the level of ^GP78 expression 
determined by RNA gel blot analysis and the degree of sterility; 
this absence of correlation has been documented in previous 
studies showing that abnormal phenotypes induced by RNAi are 
not always associated with a detectable decrease in transcript 
levels (Kerschen et al., 2004; C. Napoly and R. Jorgensen, 
personal communication). The induction of posttrancriptional 
gene silencing has been shown to result In the production of 21- 
to 23-bp RNA fragments with a sequence identical to a portion of 
the silenced gene (Elbashir et al., 2000). To determine if the 
production of 21- to 23-bp RNA fragments could be associated 
with the degradation of the AGP18 transcript, polyacrylamide 
gels were used to detect the presence of small RNA frag- 
ments corresponding to AGP18. As shown in Figure 4C, small 
RNAs corresponding to AGP18 were detected in lines in which 
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Figure 4. Accumulation of AGP1 8 Transcript, Presence of 21 -bp Small RNAs, and Absence ofAGPId Expression in the Gynoecium of AGP78-RNAi T2 
Lines. 

(A) Schematic diagram of the vector used to posttrancriptionally silence AGP78. The arrow indicates the sequence cloned in the RNAi silencing vector. 
Numbers indicate nucleotide positions with respect to initiation of the AGP18 mRNA. 

(B) Expression analysis of four AGP18-RNA\ T2 lines and a wild-type control. RNA was isolated from mature gynoecia in both silenced and wild-type 
plants. A portion of the AGP18 cDNA was used as a probe. RNA gel blots were subsequently rehybridized with a specific actin probe {ACT1 1) as 
a loading control. 

(C) A polyacrylamide gel of 1 00 ^ig of low molecular weight RNA extracted from gynoecia of AGP7 S-RNAi T2 lines and wild-type plants was blotted and 
hybridized with a portion of the AGP18 cDNA The blot was rehybridized with a probe specific to the constitutively expressed microRNA 39 (miR39) as 
a control, nt, nucleotides. 

(D) Localization of AGP78 mRNA in developing ovules at the functional megaspore stage. In situ hybridization with specific AGP18 digoxygenin-labeled 
antisense probes was performed on gynoecia of both silenced (4GP78-RNAi T2-12; bar = 8.5 ixm) and wild-type plants (bar - 10 jim). FM, functional 
megaspore. 
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sufficient quantities of total RNA were available, including lines 
having strong fertility defects as T2-1 2 and T2-58 but not in wild- 
type plants. Finally, to determine if a decrease In transcript levels 
was associated with a decrease in AGP18 expression within the 
ovule or the anther, we performed in situ hybrid izatlon in selected 
lines showing the lowest levels olAGPId transcript. As shown in 
Figure 4D, no AGP18 mRNA could be detected in the young 
ovule at the functional megaspore stage of AGP18-RHA\ trans- 
formants, indicating that the normal expression oiAGPIS during 
female gametogenesis is severely impaired ln^GP78-RNAi lines. 

Posttranscriptional Gene Silencing Is Specific to AGP18 

Plant transformation with RNAi vectors targeting a conserved 
gene family has been shown to often result in simultaneous 
posttranscriptional gene silencing of several family members. In 
Arabidopsis, 16 genes are predicted to encode the protein 
backbones of classical AGPs (Schultz et al., 2000). AGP1 7 and 
AGP19 encode classical AGPs with 56 and 42% amino acid 
similarity to AGP18, respectively. All three proteins are the only 
Arabidopsis AGP members containing a Lys-rich domain. At the 
DNA level, AGP1 7 and AGP19 share 55 and 52% homology with 
AGP18 in the 740-bp cDNA fragment that was used to generate 
the RNAi construct. To determine if the transcript levels of any of 
these two genes were also decreased in ^GP78-RNAi lines, total 
RNA extracted from developing gynoecia of three T2 AGP18- 
RNAi lines showing decreased levels ofAGP18 mRNA accumu- 
lation were used to perform RT-PCR analysis. As shown in Figure 
5, both /\GP7 7 and yAGP79 are expressed in the gynoecia of wild- 
type plants; however, none of theT2/\GP78-RNAi lines analyzed 
showed a significant decrease in either AGP17 or AGP19 
expression. In lines T2-12 and T2-58, no amplification signal 
could be detected after blotting RT-PCR gels and hybridizing 
with the corresponding AGP18 probe, confirming that In these 
lines AGP18 expression Is almost completely silenced. These 
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Figure 5. Posttranscriptional Gene Silencing Is Specific to AGP18. 

RNA extracted from developing gynoecia of selected ^GP7fl-RNAi T2 
lines n"2-12, T2-57, and T2-58) was used for cDNA synthesis. PGR 
amplification was perfonned with primers specific to ^GP7 7, AGP18, or 
AGP19 (Schultz et al.. 2002) using as a template samples con-esponding 
to the same cDNA synthesis. Agarose gels were blotted on nitrocellulose 
membranes and probed with a corresponding AGP probe. Wild-type 
cDNA and amplification of ^07*7 1 were used as positive controls. 



results demonstrate that in >^GPt8-RNAi lines posttranscrip- 
tional gene silencing Is specific to ^GP78. 

Ovule Abortion in 4GPf 8-RNAi Lines Is Controlled at 
the Sporophytic and Gametophytic Levels 

As shown in Figure 6A, the siliques of >^GP78-RNAi T2 lines 
contain a variable number of aborted ovules that do not show 
signs of early seed formation. This defect can also be observed in 
the form of empty spaces within siliques of self-fertilized flowers 
from AGP78-RNAi plants. Gametophytic defects affecting the 
female gametophyte but not the male are expected to show 
a decrease in seed set of -^50%. As shown in Figure 6B, T2 lines 
showed a wide range of frequencies of ovule abortion, with 
>20% showing a frequency significantly >50% and four lines 
showing >70% of aborted ovules. To determine the nature of the 
reproductive defect found in RNAi lines, we conducted recipro- 
cal crosses between lines showing >50% ovule abortion and 
wild-type plants. When T2 lines were used as female parents, the 
same percentage of ovule abortion was obtained for all lines 
tested (data not shown); however, in crosses where T2 lines were 
used as male parents, full fertility was recovered, suggesting that 
the sterility defect is female specific. 

DNA get blot analysis was used to determine that the number of 
RNAi T-DNA insertions present in the genome of T2 lines varied 
between 1 and 6 (data not shown). Because the T-DNA RNAI 
construct used is marked with a BASTA herbicide resistance 
marker, its segregation pattern can easily be followed in seed- 
lings. We characterized the segregation of BASTA resistance in 
a group of /AGP78-RNAi lines showing high levels of ovule 
abortion but different numbers of T-DNA insertions. A summary 
of these results are presented In Table 1. Interestingly, a single 
T-DNA RNAi Insertion was present in the genome of T2-1 2, a line 
showing 74.9% of aborted ovules and the highest levels of 
AGP18 silencing in female reproductive organs. As shown 
in Table 1, T2-12 segregated BASTA-resistant (BASTA^ and 
SASTA-sensitive {BASTA^) seedlings in a distorted ratio of 1:1 
BASTA'-.BASTA^ (x^ = 2.41 < aosfi] = 3-84) as compared with 
3:1 expected for normally transmitted insertions. In addition, no 
homozygous individuals have been identified in the T4 progeny 
resulting from self-pollination of 20 heterozygous T3-12 plants, 
suggesting that the transgene is poorly or not transmitted 
through the gametophytic phase of the Arabidopsis life cycle. 
The frequency of aborted ovules and the distorted segregation 
ratio In T2-12 suggests that posttranscriptional silencing of 
AGP18 is affecting female reproductive development both at 
the sporophytic and gametophytic levels. In lines containing 
more than one T-DNA RNAI insertion, the number of BASTA' 
seedlings is significantly increased, suggesting that not all 
insertions are abnormally transmitted through the gametophytic 
phase and that the degree of semisterility found in AGP78-RNAi 
lines is not directly proportional to the number of introduced 
T-DNA insertions. These results are in agreement with recent 
estimations of the efficiency of RNAi In transgenic plants 
(Kerschen et al., 2004). 

To determine if fertility defects were consistently Inherited, 
we quantified the sterility phenotype during the first three 
consecutive generations of four selected lines. As shown in 
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Figure 6. Siliques of AGP18-HHA\ Lines Show Aborted Ovules. 

(A) Micrographs of AGP18-RNAi and wild-type siliques. The asterisks indicate the aborted ovules observed in AGP18-RNAi lines. 

(B) An average of 250 ovules was scored for each AGP7fi-RNAi line. A statistical analysis showed that lines having >5% ovule abortion were 
significantly different from the wild type (2.5% ovule abortion). 



Table 2, the percentage of aborted ovules is maintained in the T3 
generation; however, a small decrease in the frequency of ovule 
abortion was observed in all lines evaluated. Statistical analysis 
of variance showed that this decrease is not statistically signif- 
icant during the generations tested. 

Female Gametophyte Development Is Defective in 
AGP18-Rt\A\ Lines 

To determine the cellular nature of the defect, whole-mounted 
cleared anthers and ovules were analyzed during male and 
female reproductive development. We initially determined the 
terminal phenotypes of all AGP18-RHAi lines by examining 
mature organs at developmental stages in which male and 
female gametogenesis have normally resumed and fully differ- 
entiated cellularized gametophytes are already formed. All 58 
lines examined had a variable proportion of ovules showing 
a similar abnormal phenotype but no defects in pollen formation. 
Our observations are summarized in Figure 7. In the large 
majority of defective ovules, a single conspicuous cell with 
a centrally located nucleus was present in the nucellus. In all 
lines, the conspicuous cell did not show signs of degeneration, 
and the adjacent nucellar tissue was not reabsorbed; in rare 
cases, its nucleus was not observed. To determine the de- 
velopmental stage at which female gametophyte development 



first departs from the wild type, we analyzed female gameto- 
genesis at earlier developmental stages in ovules of line T2-12 
(showing 74.9% of ovule abortion). All ovules of T2-12 undergo 
normal and synchronized megasporogenesis. Shortly after the 
differentiation of the functional megaspore (Figures 7A and 7E), 
a minority of ovules divide mitotically and give rise to two nuclei 
located at opposite ends of an enlarged cell showing a central 
vacuole. This type of ovule does not show differences with wild- 
type development (Figure 7B). By contrast, within the same 
gynoecium, the nucellus of the majority of ovules contains 
a single cell that closely resembles the differentiated functional 
megaspore but that shows no signs of subsequent enlargement 
or vacuolization (Figure 7F). At later stages of development, 
whereas some ovules undergo two additional divisions and form 
a normal female gametophyte identical to the wild type (Figure 
70), the majority contains a single cell that does not divide 
mitotically (Figures 7G and 7H). To determine if the frequency of 
aborted ovules scored in dissected siliques is similar to the 
frequency of ovules showing abnormal female gametophyte 
development, we quantified the number of ovules showing 
a single conspicuous cell in the nucellus of fully differentiated 
ovules. The results are shown in Table 3. For all lines examined, 
there is a close correlation between the two values, suggesting 
that defects in female gametophyte development are sufficient to 
explain the abnormal phenotype observed in /AGP78-RNAi lines. 
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Table 1. 


Number of T-DNA Insertions, Segregation Analysis, and Percentage of Ovule Abortion In Selected T2 AGP18-RHM Lines 
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T2-12 


1 


127 


153 


1.0:1.2 


62 


185 


74.90 


T2-57 


2 


143 


53 


2.6:1.0 


100 


125 


55.55 


T2-58 


2 


186 


15 


12.4:1.0 


67 


167 


71.36 


T2-44 


5 


182 


46 


3.9:1.0 


125 


99 


49.01 



The Functional Megaspore Does Not Initiate Female 
Gametogenesis ini4GPfd-RNAI Ovules 

To determine the identity of the cell that persists in the nucellus of 
defective ovules, we took advantage of additional enhancer 
detection and gene trap lines that show GUS expression in 
specific cells of the developing female gametophyte. Some of 
them represent Ideal molecular markers to conduct crosses with 
AGP1 S'RNAi lines showing a high proportion of defective ovules. 
Figure 8 illustrates the pattern of GUS expression obtained in 
ovules of F1 plants resulting from crosses of line AGP18-H\^A\ 
T2-1 2 with individuals homozygous either for the ET499 or for the 
ET2209 enhancer detection element. In ET499, GUS is only 
expressed in the functional megaspore and not in the three dying 
megaspores or at earlier stages of megasporogenesis (Figures 
8A to 80; J.-P. Vielle-Calzada and U. Grossniklaus, unpublished 
results). This observation was confirmed in 100 whole-mounted 
and cleared ovules of homozygous ET499 plants. Other en- 
hancer detection lines show GUS expression in the dying 
megaspores but not In the functional megaspore (Figure 8D), 
indicating that ET499 is an appropriate marker to characterize 
megaspores that have acquired a functional Identity at the end 
of megasporogenesis. By constrast, ET2209 shows GUS ex- 
pression at the onset of the second haplold mitotic division of 
the uncellularlzed female gametophyte and subsequently In all 
haploid differentiated cells: the synergids, the egg cell, the 
central cell, and the antipodals (Figure 8G; Vielle-Calzada et al., 
2000). In defective >AGP78-RNAI/+ ET499/+ F1 ovules, GUS 
expression is restricted to the conspicuous cell that persists in 
the nucellus after melosis (Figures 8E and 8F). suggesting that in 
/\GP78-RNAI lines female gametophyte development is arrested 
after the differentiation of the functional megaspore. By contrast, 
defective yAGPt8-RNAi/+ ET2209/+ F1 do not show GUS 
expression (Figure 8H), indicating that the arrested functional 
megaspore does not acquire the identity of a multinucleated 
female gametophyte or of any of the haploid gametophytic cells. 
These results indicate that defective AGP18'RHA\ ovules fall to 
undergo haploid mitosis after differentiation of the functional 
megaspore. 



Table 2. Inheritance of Ovule Abortion in AGP78-RNAi Lines 


Line 


Generation 12 


44 57 


58 


T1 74.9% (247) 
T2 73.2% (220) 
T3 67.5% (234) 


44.1% (224) 55.50% (225) 
45.2% (271) 54.90% (232) 
39.0% (230) 46.15% (244) 


71.36% (234) 
74.00% (255) 
70.80% (222) 



DISCUSSION 

Here, we report the successful use of RNAi-lnduced posttran- 
scriptlonal silencing to inactivate the AGP78 gene and show that 
It plays an essential role during the initiation of female gameto- 
genesis in Arabidopsis. AGP18 encodes a classical AGP shown 
to be expressed in cells that spatially and temporally defines the 
sporophytic to gametophytic transition, but also during early 
stages of embryogenesis. More than 77% of independent trans- 
genic Arabidopsis lines expressing the ^GP78-RNAI construct 
showed moderate to severe fertility defects reminiscent of semi- 
sterile gametophytic mutants In Arabidopsis. Although in other 
experiments RNAI-dependent silencing is not always associated 
with mRNA turnover (Kerschen et at., 2004), all lines tested 
showed a decrease in AGP18 transcript accumulation during 
female reproductive development in the T2 generation. In at least 
three lines, AGP18 expression was almost completely sup- 
pressed. T2 lines with fertility defects showed ovules impaired 
in female gametogenesis but normal male gametophytic de- 
velopment and pollen formation. The use of molecular markers 
expressed at key stages of female gametogenesis determined 
that in defective ovules melosis gives rise to a differentiated 
functional megaspore that Is unable to give rise to a two-nucleate 
female gametophyte. 

In plants developing a female gametophyte of the Polygonum 
type, megasporogenesis ends with the initiation of the haploid 
phase of the life cycle during the mitotic division of the functional 
megaspore nucleus (Huang and Russell. 1992). Although little Is 
known about cellular communication during early ovule devel- 
opment, the interaction between sporophytic and gametophytic 
tissues has been suggested to be essential for female gameto- 
genesis. For example, the isolation of the meiotic precursors and 
young tetrads by the accumulation of callosic walls has been 
interpreted as an Interfacial reaction leading to the necessary 
separation of the two generations and the consequent protection 
of the haploid phase in ferns, mosses, and flowering plants 
(Dickinson, 1994; Bell, 1995). In Arabidopsis, the deposition of 
callose in dying meiotic products separates these cells from the 
functional megaspore (Webb and Gunning, 1990); however, the 
frequent formation of plasmodesmata connecting the functional 
megaspore to its adjacent nucellar cells indicates that cell-to-cell 
communication at the sporophytic^ametophytic transition is 
Important during female gametophyte development (Bajon et al., 
1999). In wild-type plants of Arabidopsis, several changes occur 
during the cytoplasmic maturation of the functional megaspore, 
including the polarized enlargement of the cell after the micropylar 
chalazal axis, the formation of a central vacuole, and the 
concomitant division of the nucleus (Webb and Gunning, 1990; 
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Figure 7. Female Gametophyte Development Is Defective in Ovules of AGP18-RNA\ Lines. 

Wild-type and AGP18-RW 12 gynoecia were fixed, cleared, whole mounted, and viewed under Nomarsky optics. 
(A) to (0) Development of wild-type ovules. 

(A) Functional megaspore in a developing ovule. 

(B) Female gametophyte at the two-nucleate stage. 

(C) Mature female gametophyte. 

(D) Young embryo at the two-cellular stage. 

(E) to (H) Development of /iGP7S-RNAi T2-12 defective ovules. 

(E) Functional megaspore in the developing T2-12 ovule. 

(F) Arrested cell in defective T2-12 mature ovule (an^owhead); normal ovules in the same gynoecium are at the two-nucleate stage. 

(G) Arrested cell in defective T2-12 mature ovule (arrowhead); normal ovules in the same gynoecium contain a mature female gametophyte. 

(H) Arrested cell in T2-12 mature ovule; normal ovules in the same gynoecium contain seeds undergoing early stages of embryogenesis. 

(I) Schematic representation compares a mature wild-type ovule to a mature AGP)8-RNAi T2-12 defective ovule. 

FM, functional megaspore; DM, degenerating megaspore cells; EC, egg cell; AG, antipodal ceils; FG, female gametophyte; PN, polar nuclei. 
Arrowheads indicate the presence of an arrested cell at the one-nucleate stage. Bars = 20 \xm. 



Grossniklaus and Schneitz, 1998; Schneitz, 1999). No signs of 
cell enlargement or initial vacuolization were detected in anrested 
functional megaspores of AGP18-RNAi plants. In combination 
with results from expression analysis of molecular markers 
acting at specific stages of development, these observations 
indicate that the function o^AGP18 is required after differentia- 
tion of the functional megaspore for the initiation of female 
gametogenesis. 

Several interpretations of the functional activity of AGP18 
during ovule development can be proposed based on the 
analysis of heterozygous ^GP)8-RNAi lines containing a single 
T-DNA insertion. Although T2-1 2 shows a 1 :1 segregation ratio of 
BASTA^ to BASTA^ seedlings expected for defective traits 
causing gametophytic lethality, it also shows >70% of arrested 
female gametophytes, Indicating that the gametophytic activity 
of RNAi-mediated silencing of ^GP?8 is not sufficient to explain 
the defective phenotype. As shown by in situ hybridization, 
AGP18 is expressed in the MMC and the adjacent nucellar cells; 
therefore, it is possible that, to ensure the initiation of female 
gametogenesis, the activity of AGP18 is required in both sporo- 
phytic as well as gametophytic cells. Differences on the degree 
of penetrance of the RNAi effect at the diploid and haplold levels 
could explain the variable but incomplete sterility shown by all 
yAGP78-RNAi lines. Recent studies suggest that the maximal 
reduction of target transcript levels is obtained in RNAi lines 



containing a single T-DNA insertion (Kerschen et al., 2004). 
Although each target sequence is characterized by an inherent 
degree of susceptibility to RNAi-dependent silencing, a system- 
atic study to assess the efficiency of posttranscriptional gene 
silencing in the gametophytic phase has not been conducted. 
Therefore, it is currently not possible to assess the effectiveness 
of AGP18 silencing in the female gametophyte. A second 
possibility is that key RNA factors generated by RNAi-mediated 
AGP18 silencing are produced at the diploid level and meiotically 
transmitted to a variable number of functional megaspores not 
carrying a T-DNA RNAi insertion; alternatively, these factors 
could be transported from adjacent nucellar cells to the 
functional megaspore via plasmodesmata. Although the trans- 
port of mRNA or proteins has not been reported in female meiotic 
products, detailed ultrastructural studies of megasporogenesis 
in Arabidopsis have shown that multiple plasmodesmata form 
between the functional megaspore and its adjacent nucellar cells 
(Bajon etal., 1999). Under this hypothesis, the function of ^GP)S 
could be strictly gametophytic; however, the non-fully penetrant 
effect of RNAi-mediated silencing factors generated at the 
diploid level would be responsible for the abortion of female 
gametophytes at a frequency significantly higher than 50%. A 
third alternative includes the possibility that gametophytic le- 
thality in T2-12 results from differences in the degree of RNAi 
silencing mediated by the CaMV35S promoter. A potential lack 
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Table 3. Frequency of Ovules Showing an Arrested Cell Phenotype 


AGP18-RHA\ 


Viable 


Aborted 


Ovules with 


Line 


Ovules 


Ovules 


Arrested Celts 


T2-12 


138 (27.7%) 


185 (74.9%) 


359 (72.23%) 


T2-57 


196(43.3%) 


125 (55.5%) 


257 (56.73%) 


Wild type 


443 (99.4%) 


6 (2.4%) 


3 (0.60%) 



of CaMV35S activity during microsporogenesis could partially 
explain the absence of pollen abnormalities associated with the 
expression of AGP18 during anther development. To date, 
a detailed pattern of the CaMVSSS promoter activity during male 
and female gametogenesis has yet to be reported in Arabldopsis. 
Although It is generally believed that this promoter is not active 
during the gametophytic phase (Bechtold et al., 2000), It is not 
clear at which developmental stage of the sporophytic to 
gametophytic transition its activity is no longer detected in either 
male or female gametes. Although this lack of quantitative 
information on the pattern of CaMV35S complicates the eluci- 
dation of the role played by AGP18 during the alternation of 



diploid and haplold phases, experiments showing that RNAi 
factors transmitted during meiosis can trigger posttranscrip- 
tional silencing in the female gametophyte support the hypoy- 
thesis that the CaMVSSS promoter can be used to successfully 
target gametophytically expressed genes (our unpublished re- 
sults). The use of specific promoters to drive RNAi-mediated 
silencing exclusively In the gametophyte or in the nucellus should 
lead to the elucidation of the specific role of gametophytic and 
sporophytic AGP18 activity during the initiation of female game- 
togenesis. 

Classical AGPs play a role in mechanisms as distinct as cell 
division, cell expansion, or cell determination (Nothnagel, 1997; 
Schultz et al., 1998; van Hengel and Roberts, 2003). Monoclonal 
antibodies (MAbs) raised against AGP epitopes have been 
extensively used to investigate the cellular localization of AGPs 
(VandenBosch et al., 1989; Knox, 1992); however, these probes 
do not easily allow the elucidation of single AGP distribution 
patterns because they can recognize many different AGPs 
containing a conserved sugar epitope but different protein 
backbones. Elegant immunolocalization studies have shown 
that the establishment of a reproductive lineage in certain 




Figure 8. The Functional Megaspore Does Not Initiate Female Gametogenesis in AGP18-Rh\A\ Ovules. 

Ovules of F1 plants resulting from crosses of line ^GP78-RNAI T2-1 2 with individuals homozygous either for the ET499 or for ET2209 were either fixed 
and whole-mount cleared or processed for histochemical localization of GUS activity. Shown are patterns of GUS expression in ET499 ([A] to [C]), 
ET4127 (D), F1 plants resulting from the cross of /iGP78-RNAi T2-12 and homozygous ET499 plants ([E] and [F]). ET2209 (G), and F1 plants resulting 
from the cross of >!\GP78-RNAi T2-12 and homozygous ET2209 plants (H). 

(A) Ovules of ET499 at MMC not showing GUS expression, 

(B) Ovules of ET499 showing absence of expression in all three dying megaspores. 

(C) Functional megaspore showing GUS expression in ET499. 

(D) Ovule of ET4127 showing GUS expression in a dying megaspore. 

(E) Whole-mounted cleared ovule showing the phenotype observed in defective ET499'AGP18'RNA} T2-12 F1 ovules. 

(F) GUS expression in the an-ested functional megaspore of defective ET499\AGP18-RNAi T2-12 F1 ovules. The an^owhead shows the position of the 
arrested functional megaspore. 

(G) Pattern of GUS expression in the mature female gametophyte of ET2209. 

(H) Absence of GUS expression in defective ET2209'AGP18-RNAi 12-12 F1 ovules. 

FM, functional megaspore; IT, inner integument; OT, outer integument; Nuc, nucellus; DM, dying megaspore; EC, egg cell; Sy, synergid cells; GC, 
central cell. The arrowheads indicate the an'ested cells. Bars = 20 p-m. 
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species was associated with changes in the distribution of AGP 
epitopes (Knox et al., 1989; Pennell et a!., 1992). In Pisum 
sativum, the determination of reproductive cells in male and 
female gametes is associated with the loss of a cell surface 
arabinose-containing epitope recognized by the Mab MAC207 
(Pennell and Roberts, 1990). Interestingly, a second AGP epitope 
recognized by MAb JIM8 became detectable only during differ- 
entiation of anthers and ovules in Brassica napus (Pennell et al., 
1991). During ovule development, this epitope was initially 
detected in the wall of the two- to four-nucleate female game- 
tophyte, in nucellar cells adjacent to the developing female 
gametophyte, and later in the plasma membrane of all cells 
forming the egg apparatus, but not the central cell. The presence 
of this epitope was also detected in the tapetum, in developing 
pollen grains, and in the stem vasculature (Pennell et al., 1991). 
Our results show that AGP18 is expressed in reproductive 
tissues, particularly in cell types that are involved in establishing 
the sporophytic to gametophytic transitions. During female 
gametophyte development, AGP18 is initially expressed in the 
MMC, in all four meiotically derived megaspores, the functional 
megaspore, and the adjacent nucellar cells. AGP18 expression 
persists in all female gametophyte cells except the central cell. 
During male gametophytic development, AGP18 is expressed in 
pollen grains and the cells of the tapetum. Developing seeds also 
express AGP18 during the first stages of embryogenesis; in- 
terestingly, abundant AGP18 mRNA is detected at early stages 
of endosperm development, indicating that transcription in the 
central cell occurs only after double fertilization. We only detec- 
ted additional AGP18 expression in restricted clusters of com- 
panion cells present in the vasculature of the stem. The pattern of 
AGP18 mRNA localization is almost identical to the pattern of 
localization of the epitope recognized by JIM8, strongly suggest- 
ing that an AGP encoded by a gene homologous to AGP18 is 
detected by JIMS in B, napus. The generation of AGP18-RNAi 
lines opens new possibilities for immunolocalization analysis 
with JIM8 and new antibodies raised against AGP18 to further 
elucidate the function and distribution of AGPs during reproduc- 
tive development. 

Our results indicate that AGP18 plays a crucial role during 
interactions between sporophytic and gametophytic cells in the 
young ovule and that these interactions are essential for the 
establishment of the female gametophytic phase in Arabidopsis. 
Although the nature of this communication has yet to be 
characterized at the genetic and molecular levels, the elucidation 
of the developmental function of a gene encoding a classical 
AGP creates new perspectives for the understanding of cell 
surface signaling and the molecular mechanisms that regulate 
sexual reproduction in flowering plants. 



METHODS 

Plant Material and Growth Conditions 

The transposant line MET333 i^rabidopsis thaliana Heynh. var Landsberg 
erecta) was identified in a collection of enhancer detector lines generated 
in our laboratory, using the system implemented by Sundaresan et al. 
(1995), looking for expression patterns during female gametophyte de- 



velopment. To select plants canying the Ds transposon, 50 mg/L of 
kanamycin and 0.66 \x,g/mL of 1 -naphtalenacetamlde were added to MS 
solid medium (Sigma, St. Louis. MO). Resistant seedlings were trans- 
ferred to soil and grown in a greenhouse under long-day conditions. 

Generation of RNAI Lines 

A 740-bp fragment containing the first exon and a region of 5' un- 
translated region of AGP18 was amplified by RT-PCR using RNA 
extracted from wHd-type developing gynoecia using the following primers 
containing restriction sites as indicated in boldface: 5'-AATCTA- 
GAGGCGCGCCACGGCTACATCTGTCTGT-3' (Xbal and AscV, sense 
primer) and 5'-AAGGATCCATTrAAATAATGTACCTGATCGTCGG-3' 
(SamHI and Swal; antisense primer). The PGR fragment generated with 
the sense/antisense primer combination was cloned in pGRII TOPO 
(Invitrogen, Carisbad, CA) and subsequently digested with Swal and Asc\ 
restriction enzymes. The resulting DNA fragment was cloned using 
appropriate restriction sites in the silencing vector pFGC5941 (kindly 
donated by Carolyn Napoli and Rich Jorgensen, www.chromdb.org). The 
PGR fragment cloned in pCRII TOPO was digested with Xba\ and SamHI 
(to obtain the antisense fragment) and cloned in appropriate restriction 
sites of pFGG5941. The resulting pFGG5941 vector contained AGP18 in 
both sense and antisense orientations separated by a chalcone synthase 
intron and under the control of the CaMV35S promoter. Four-week-old 
Arabidopsis plants (Columbia-0) were transformed by floral dipping as 
previously described (Glough and Bent, 1998). Seeds from Agrobacte- 
hum tumefadens-Xreated plants were selected and directly grown under 
greenhouse long-day conditions (16 h light). Resistant seedlings were 
selected by spraying the herbicide BASTA (50 mg/L; Finale; AgrRvo, 
Montvale, NJ) three times each week for 2 weeks. Presence of AGP18- 
RNAi insertions was confirmed by PGR amplification on DNA extracted 
from seedlings. Seeds from mature plants were collected and plated onto 
MS medium supplemented with glufosinate ammonium (10 jtg/mL; 
Crescent Chemical, Augsburg. Gemnany). 

RNA Analysis 

For RNA gel blots, total RNA was extracted from developing gynoecia 
from selected AGP7fl-RNAi transformants and wild-type plants using 
Trizol (Invitrogen) and following the manufacturer's instructions. Fifty 
micrograms of RNA were separated in a 1 .3% agarose gel containing 1 7% 
formaldehyde and blotted onto hybond N+ membranes. Blots were hy- 
bridized with random-primed (Amersham Biosciences, Buckinghamshire, 
UK) 32p-labeled 810-bp probe conesponding to the complete AGP18 
cDNA (At4g37450) and an ACT1 1 (At3g121 10) probe generated by PGR 
using the following primers: ACT11-S (5'-TrCAAGACTGCTGCCATG-3') 
and ACT11-AS (5'-TGCAAGGTGCAAAGGGAG-3'). The temperature of 
hybridization was 65°C in Church's buffer. 

For small RNA analysis, total RNA from developing gynoecia was 
enriched for low molecular weight RNAs using Hamilton's homogeniza- 
tion solution (Hamilton and Baulcombe, 1 999) as described in Mette et al. 
(2000). Low molecular weight RNA was normalized by spectropho- 
tometry to 100 |jLg/lane, separated by electrophoresis through 15% 
polyacrylamide, 7 M urea, 0.5X Tris-borate EDTAgel, and transferred to 
Zeta-Probe GT membranes (Bio-Rad, Hercules, CA). After transfer, 
membranes were cross-linked with 200 mJ of UV and baked at 80°C for 
1 h. To detect small RNAs inAGP78-RNAi lines, anAGPJScDNA probe as 
described above was randomly labeled and hybridized at 62''C in 
Church's buffer. An oligonucleotide probe corresponding to the se- 
quence of miR39 (5'- GATArrGGCGCGGGTCAAGGA-3'; Uave et al., 
2002) was 5'-end labeled with [7 ^^pj^TP and hybridized as a loading 
control. For RT-PGR analysis, total RNA was isolated from developing 
gynoecia of wild-type and AGP7fl-RNAi lines using Trizol following the 
manufacturer's instructions. First-strarxJ cDNA was synthesized using 
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2 \x,g of total RNAand Superscript II reverse transcriptase (Invitrogen). For 
semiquantitative RT-PCR, 3 |jlL of the first-strand cDNA reaction served 
as a template in a PGR reaction that used specific primers for AGP18 
(At4g37450), /^GPr 7 {At2g231 30), AGPt9(At1 g68725). andACTII. After 
estimating the amount of amplified DNA produced at different rounds of 
PGR cycles, we detemnined that 20 cycles ensured that the amplified 
product was proportional to the initial concentration of template present 
in the reaction. After electrophoresis on a 1 % agarose gel and blotting into 
hybond N+ membranes, hybridization was performed with ^^p cDNA 
probes specific to each AGP gene tested and labeled with the random 
primer method (Amersham Biosciences). Hybridization was performed at 
62^ as described (Maniatis et al., 1989).^GP77primers were as follows: 
sense (5'-GCTTTTAAGCGCGCCTGGTCG-3') and antisense (5'-GTG- 
AATACAAAATGTGAGCTG-3'). AGP19 primers were as follows: sense 
(5'-AAGTTGCACCAGTAATCAGCC-3') and antisense (5'-TCCTTTAAG- 
GTGATTTAAGGC-3'). AGP18 primers were as follows: sense 
(5'-CACGCTTGGTTAAACTCC-3') and antisense (5'-l i 1 1 1 IGATCACT- 
GACAG-3'). 

Whole-Mount Preparations and Histological Analysis 

Wild-type and ^GP78-RNAi siliques were dissected longitudinally with 
hypodermic needles {1-mL insulin syringes) and fixed with FAA buffer 
(50% ethanol, 5% acetic acid, and 10% formaldehyde), dehydrated 
in increasing ethanol concentration, cleared in Herr's solution (phenol: 
chloral hydrate:85% lactic acid:xylene:oil of clove [1:1:1:0.5:1]), and ob- 
served on a Leica microscope (Wetzlar, Germany) under Nomarski optics. 
GUS staining assays for stages before fertilization were conducted as 
described by Vielle-Calzada et al. (2000). For developmental stages after 
fertilization, we used the protocol described by Kohler et al. (2003) with 
slight modifications. Longitudinally dissected siliques were fixed for 2 h 
at -20°C in 90% acetone and subsequently immersed in GUS staining 
buffer (10 mM EDTA, 0.1% Triton, 0.5 mM Fe^+CN, 0.5 mM Fe^+GN, 
100 M-Q "TTi"^ chloranphenicol, and 1 mg mL""* 5-bromo-4-chloro-3- 
indolyl-3-D-galactoside in 50 mM sodium phosphate buffer, pH 7.0) for 
1 to 3 d at 37*'C. The tissue was cleared in Hoyer's solution and observed 
under Nomarski optics. 

In Situ Hybridization 

Developing flower buds, developing flowers, Isolated gynoecia, and 
siliques of wild-type and ^GP)8-RNAi T2-12 plants were fixed in 4% 
paraformaldehyde and embedded in Paraplast (Fisher Scientific, Fair 
Lawn, NJ). Sections of 12-^,m thickness were cut using a Leica micro- 
tome and mounted on ProbeOnPlus slides (Fischer Biotech, Pittsburgh, 
PA). A fragment of 180 bp that included a portion of the first exon of 
AGP18 was amplified using sense (5'-GGAGGATGAGGTACATTAG-3') 
and the antisense (5'-CATGACTGACAGATATGAA-3') primers and sub- 
sequently cloned in the pGRII TOPO vector (Invitrogen). The resulting 
construct was digested with Not\ and BamHI to synthesize sense and 
antisense digoxygenin-labeled probes, respectively, and hybridization 
was conducted as described by Vielle-Calzada et al. (1999). 

Sequence data from this article have been deposited with the 
EMBlVGenBank data libraries under accession number NM1 19909 
(At4g37450). 
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Summary 

Constitutive expression of an intron-containing self-complementary 'hairpin' RNA (ihpRNA) has recently 
been shown to efficiently silence target genes in transgenic plants. However, this technique cannot be 
applied to genes whose silencing may block plant regeneration or result in embryo lethality. To obviate 
these potential problems, we have used a chemical-inducible Cre/loxP (CLX) recombination system to 
trigger the expression of an intron-containing inverted-repeat RNA (RIMAi) in plants. A detailed character- 
ization of the inducible RNAi system in transgenic Arabidopsis thaliana and Nicotiana bentbamiana plants 
demonstrated that this system is stringently controlled. Moreover, it can be used to induce silencing of 
both transgenes and endogenous genes at different developmental stages and at high efficiency and with- 
out any detectable secondary affects. In addition to inducing complete silencing, the RNAi can be produced 
at various times after germination to initiate and obtain different degrees of gene silencing. Upon induction, 
transgenic plants with genetic chimera were obtained as demonstrated by PGR analysis. Such chimeric 
plants may provide a useful system to study signaling mechanisms of gene silencing in Arabidopsis as well 
as other cases of long-distance signaling without grafting. The merits of using the inducible CLX system for 
RNAi expression are discussed. 

Keywords: inducible, constitutive, RNAi, dsRNA, DNA excision, Cre//oxP. 



Introduction 

RNA-mediated gene silencing is a conserved mechanism 
that recognizes double-stranded RNA (dsRNA) as a signal 
to trigger sequence-specific degradation of homologous 
mRNA. dsRNA has been used as a powerful tool for the 
investigation of RNA silencing in a variety of organisms, 
such as RNA interference (RNAi) in Caenorhabditis elegans 
(Fire etaL, 1998) and mammalian cells (Paddison et al., 
2002; Sui et al., 2002) and post-transcriptional gene silen- 
cing (PIGS) in plants (Chuang and Meyerowitz, 2000; 
Waterhouse eta/., 1998). In plants and C, elegans, RNA 
silencing involves two steps: (i) a local induced silencing, 
including an initial processing of the triggering dsRNA into 
short interfering RNA (siRNA) of 21-25 nt (Elbashir et at., 
2001; Hamilton and Baulcombe, 1999) and (ii) a systemic 
spread of the silencing signal throughout the entire organ- 
ism (Voinnet et al., 2000; Winston etaL, 2002). The pre- 
sence of a spliceable intron in the transgene encoding the 
dsRNA appears to enhance the silencing efficiency (Smith 



ef aL, 2000; Wesley ef aL, 2001). Constitutive expression of 
intron-containing self-complementary 'hairpin' RNA 
(ihpRNA) constructs can induce PTGS with almost 100% 
efficiency when directed against viruses or endogenous 
genes (Smith et aL, 2000). 

The completion of the sequencing of the Arabidopsis 
genome has uncovered a large number of genes with 
unknown functions. Potentially, the dsRNA-mediated gene 
silencing technique can be used to investigate the functions 
of these genes. The most effective silencing, brought about 
by intron-containing dsRNA, would produce phenotypes 
resembling those of the null alleles of the target genes. If 
the target gene Is required for basic cell function or devel- 
opment, constitutive dsRNA-mediated silencing of the gene 
may produce detrimental effects or even cause plant leth- 
ality resulting in no recovery of transgenic plants for inves- 
tigation. This problem can be circumvented somewhat 
by inducing gene silencing, using either Agrobacterium 
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Figure 1. Schematic diagrams of the inducible and constitutive RNAi constructs. 

(a) A schematic diagram of an intron-containing intermediate vector pSK-Int with multiple restriction sites on both arms of the intron. DNA fragments encoding 
sense and antisense RNA {approximately 350 nt of 3' GfPor approximately 400 nt of 5' POS, respectively) were cloned into pSK-int at 5' and 3' arms of the intron 
in appropriate restriction sites indicated by dotted lines, resulting in pSK-GFPi and pSK-PDSi. 

(b) A schematic diagram showing structural features of the inducible pX7-RNAi construct and Cre//oxP-mediated DNA recombination (see Zuo et al., 2001 for 
details). XVE, a chimeric transactivator containing the regulator domain of an estrogen receptor (Zuo et al., 2000); HYG, a hygromycin-resistance marker; Cre, the 
bacteriophage PI Cre recombinase with an intron (Zuo et al., 2001); loxP, specific recognition sites of Cre; OlexA-46, eight copies of the iexA DNA binding site 
fused to the -46Cal\/IV 35S promoter; G 70-90, a strong, synthetic, constitutive promoter; int, actin 11 intron (ATU27981, nt 1957-2111); fl/VA/, DNA sequences 
encoding the intron-containing inverted- re peat RNAs; G10-90-fl/VA/, the reconstituted transcription unit derived from Cre/ZoxP- mediated DNA recombination 
after inducer treatment. Arrows inside transcription units indicate the direction of transcription. P1-4 denote primers used for PGR analysis shown in Figure 5(c). 

(c) A fragment of PDS-int-PDS was cloned between the 35S promoter and the terminator in the binary plasmid pCAMBIA 1300 (AF234296) to give 35S-PDS/, a 
constitutive RNAi construct. 



infiltration (Voinnet and Baulcombe, 1997) or virus-derived 
vectors (Dalmay ef a/., 2000; Peele ef a/., 2001; Ratctiff et al, 
2001; Turnage etai, 2002). However, these two methods 
have limited application in functional genomics because of 
their transient nature, and their silencing effects are not 
heritable. 

In this paper, we describe the development of an indu- 
cible gene silencing system using intron-containing, 
inverted-repeat RNA (referred to as inducible RNAi). The 
chemical-inducible system we use here is the CLX system, 
an XVE-based (XVE for LexA-VP16-ER) (Zuo et al, 2000), 
site-specific DNA recombination mediated by Cre//oxP(Zuo 
et ai, 2001). The Cre expression is placed under the control 
of the chimeric transcription factor XVE, whose activity is 
strictly regulated by estrogens. Upon induction by 17p- 
estradiol, Cre//oxP-mediated recombination leads to activa- 
tion of the RNAi transcription cassette by bringing It imme- 
diately downstream of the constitutive G10-90 promoter 
(Zuo etai, 2001; Figure 1). Compared to other inducible 
systems, the most significant feature of the CLX system 
is that it is strigently controlled, and upon induction, it 



produces DNA recombination with high efficiency (for a 
review, see Hare and Chua, 2002; Ow, 2001). 

Here, we show that the inducible RNAi system can be 
used to silence, with high efficiency, the expression of a 
GFP transgene and an endogenous phytoene desaturase 
(PDS) gene in Nicotiana benthamiana as well as in Arabi- 
dopsis thaliana. Upon induction at seed germination or 
post-germination stages, the efficiency and effectiveness 
of PDS silencing are comparable to those obtained with a 
35S-RNAi construct. A stable and reproducible inducible 
RNAi phenotype was obtained in subsequent transgenic 
generations. The merits of the Inducible RNAi system for 
silencing of endogenous genes are discussed. 



Results 

Silencing of a GFP transgene 

To evaluate the function of the inducible RNAi system, 
the construct pXl-GFPi (Figure lb) was introduced Into a 
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transgenic A/, benthamiana line carrying a 35S-GfP trans- 
gene (GFP-16c) (Ruiz etal., 1998) by Agrobacterium- 
mediated transformation, Ti seeds from 12 transgenic lines 
(GFP-16c/pX7-GFP/, named as 16c-GFPi) were germinated 
on the inductive medium (MS + 2 nM 17P-estradiol) con- 
taining hygromycin (hyg). After 2 weeks, eight lines 
showed uniform red fluorescence under UV light, which 
was caused by chlorophyll autofluorescence in the absence 
of GPP accumulation. Some red seedlings stopped growing 
upon continued incubation on the selective medium, pre- 
sumably because of the complete Cre//oxP-mediated exci- 
sion of the hygromycin-resistance gene upon induction. 
The remaining four lines initially displayed a mixture of red/ 
green fluorescence after 2 weeks of treatment with the 
inducer, but propagation of the red color to the entire plant 
was observed in these lines 2 weeks after they were trans- 
ferred from the inductive medium to the soil (Figure 2a, 
left). No difference was observed between 16c-GFPi seed- 
lings germinated on the selective medium in the absence of 
the inducer (MS + hygromycin) and GFP-16c control 
plants, as judged by the degree of green fluorescence 
(Figure 2b, right). 

Northern blots were analyzed with total RNA from treated 
red fluorescent 16c-GFPI seedlings, untreated green fluor- 
escent 16c-GFPi seedlings and GFP-16c control seedlings. 
GFP mRNA was almost undetectable In red 16c-GFPi seed- 
lings (Figure 2b, upper panel, +), as compared with GFP- 
16c control (0) or untreated 16c-GFPi seedlings {-). GFP- 
related siRNA, which is a key component of RNA silencing, 
was detected In red seedlings using a radiolabeled GFP- 
specific probe (Figure 2b, lower panel, -i-), whereas no GFP- 
related siRNA could be detected In GFP-16c control or un- 
treated 16c-GFPi green seedlings (Oand-). Both fluorescence 
and RNAanalyses Indicated silencing of the GFPtransgene in 
16c-GFPi plants upon treatment with 17p-estradiol. 

A transgenic line of A. thaliana (ecotype C24), which 
showed constitutive expression of a 35S-GFP transgene 
(Dalmay eta/., 2000) was transformed with the pX7-GFP/ 
construct to test the inducible RNAi system. Twenty-nine Ti 
Independent lines (named as At-GFPi) were obtained by 
floral dip transformation. Upon germination on the induc- 
tive medium, all 29 At-GFPi lines displayed red fluores- 
cence. Indicating silencing of the GFP transgene. By 
contrast, all seedlings germinated on the medium without 
the inducer showed uniform green fluorescence, indicating 
GFP expression (data not shown). Northern blots were 
analyzed with total RNA (Figure 2c, upper panel) and 
GFP-related siRNA (Figure 2c, lower panel) from treated, 
red fluorescent At-GFPi seedlings (Figure 2c, -f) and 
untreated, green fluorescent At-GFPI seedlings (Figure 2c, 
-). Similar results were obtained as with the N. benthami- 
ana 16c-GFPi plants, providing molecular evidence for 
silencing of the GFP transgene In At-GFPi plants upon 
17p-estradiol treatment. 



We used 15 At-GFPI lines for further investigation of 17p- 
estradioNnduced silencing at post-germlnatlon stage. 
Two-week-old Ti seedlings germinated on the selective 
medium in the absence of the inducer were transferred 
to fresh MS medium. All seedlings at this stage continued 
to display green fluorescence. However, when seedlings 
were transferred to the Inductive medium, 10 lines dis- 
played strong Inducible GFP silencing as Indicated by their 
uniform red fluorescence after 1-week Induction (data not 
shown). The remaining five lines showed varying Initiation 
of GFP silencing after 1-week Induction. Further incubation 
with the Inducer up to 2 weeks resulted In complete GFP 
silencing as reflected by the uniform red fluorescence in all 
these plants. 

Efficient inducible silencing of an endogenous PDS gene 
in Arabidopsis thaliana 

We chose the phytoene desaturase (PDS) gene of A thali- 
ana and A/, benthamiana to test the ability of the Inducible 
RNAi system to silence endogenous genes. The PDS gene 
was selected because loss of the phytoene desaturase 
enzyme blocks carotenold synthesis culminating In a 
photobleaching phenotype because of photo-oxidation of 
chlorophylls (Ruiz et aL, 1998). This visible phenotype 
facilitated visual monitoring of the induction process of 
PDS silencing. The constructs pX7-PDSi(At) and pX7- 
PDSi(Nb) (Figure lb) were transformed into A. thaliana 
(ecotype Columbia) and N. benthamiana, respectively. In 
addition, pCAMBIA-PDS/fAf; (Figure 1c) containing a 35S- 
PDSi(At) was also transformed into A thaliana (ecotype 
Columbia). 

We tested 35 lines of putative transgenic A thaliana 
carrying the 35S-PDS/Y/\fJtransgene by virtue of their ability 
to grow on the selective medium. Thirty-two lines (35S- 
PDSI(At)) displayed the photobleaching phenotype. Most 
lines appeared near-white and stopped growing (data not 
shown) after 4-6 weeks on the culture medium. Only two 
lines that displayed varying green patches In their bleached 
leaves survived. Seedlings of these two lines exhibited 
abnormal development and poor fertility, and produced 
only a small amount of seeds. 

Eighty-one Independent A thaliana transgenic lines 
transformed with pX7-PDSilAt) were obtained. In the 
absence of the inducer, all transgenic T^ lines (At-PDSi) 
displayed normal development and fertility. T2 seeds from 
12 independent Ti lines were germinated on the selective 
medium in the absence or presence of the inducer. All T2 
seedlings grew with normal phenotype on the medium in 
the absence of the inducer (Figure 3a). However, in the 
presence of the inducer, seedlings of all the 12 T2 At-PDSi 
lines showed uniform photobleaching phenotype in the 
cotyledons at 6-9 days post-induction (Figure 3b,c). Simi- 
lar to the 35S-PDSi(At) lines, most of these seedlings 



© Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 383-392 



386 Hui-Shan Guo et al. 





Figure 2. 17p-estradiol-inducibIe GfP silencing in Nicotiana benthamiana 
transgenic line 16c-GFPi and Arabidopsis thaliana line At-GFPi. 
(a) 16c-GFPi plants were first germinated on an inductive (left) or selective 
(riglit) medium for 2 weeks, before being transferred to soil, and photo- 
graphed under UV light at 2 weeks after transfer. Left, an induced 16c-GFPi 
plant exhibited uniform red fluorescence in the whole plant Note that in this 
plant initiation of GFP silencing was indicated by a mixture of red/green 
fluorescence. Right, an untreated 16c-GFPi plant showing green fluores- 
cence. Scale bar = 0.5 cm. 

(b, c) Northern blot analysis of induced silencing in 16c-GFPi plants (b) and 
At-GFPi plants (c). Total high (top and middle panels) and low {lower panel) 
molecular weight RNAs were extracted from 2-week-oId red fluorescent 
seedlings after 17^estradiol induction {+). untreated green fluorescent 
seedlings (-), and GFP-16c control plants (0). Equal RNA loading (5 ^g 
per leaf) was monitored by methylene blue staining of the 28S RNA (middle 
panel), and the blot was probed with a GfP-specific sequence (top panels). 
Bottom panels show the blot for siRNA, which was hybridized with a ^P- 
labeled transcript corresponding to the 3' -terminal region (350 nt) of GFP. 
Each lane contained 50 ^g RNA. Arrow indicates the position of a 25-base 
DNA oligonucleotide. 



Stopped growing within 4-6 weeks {Figure 3d). Northern 
analysis showed that endogenous PDS mRNA levels were 
significantly reduced In bleached leaves of treated At-PDSi 
lines (Figure 3f, upper panel, -\-), but readily detected in 
untreated lines (Figure 3f, upper panel, -) and WT control 
seedlings (Figure 3f, upper panel, 0), indicating that the 
photobleaching phenotype resulted from silencing of the 
endogenous PDS gene. PDS-related siRNA was detected 
in treated, bleached At-PSDi seedlings (Figure 3f, lower 



Figure 3. Inducible PDS silencing in transgenic Arabidopsis thaliana plants 
(At-PDSi) at seed germination stage. 

(a-d) At-PDSt seeds of line 2 were germinated on selective media in the 
absence (a) or presence of an inducer (b, c, d). 

(b) Seedlings with induced PDS silencing showed a uniform photobleaching 
phenotype in the cotyledons at 6 days. 

(c,d) PDS silencing was seen in the first pair of true leaves as well as the 
leaves that developed later (c, 9 days, d, 28 days). Scale bars - 0.5 cm in (a, 
b, d) and 0.1 cm in (c). 

(e) Seeds of At-PDSi line 1 (a single transgenic locus) were germinated on 
MS in the presence of 17^estradiol without the selective antibiotic hygro- 
mycin. Fifteen out of 19 plants showed induced PDS silencing. The photo- 
graph was taken at 29 days post-induction. Scale bar = 0.5 cm. 

(f) Northern analysis of inducible PDSsilencing in At-PDSi plants. Total high 
{top and middle panels) and low (lower panel) molecular weight RNAs were 
extracted from WT Columbia seedlings (0), uninduced At-PDSi control 
seedlings {-], and a mixture of induced At-PDSi seedlings, which showed 
a photobleaching phenotype (+). The blot (top panel) was probed with a 
PDS-specific sequence corresponding to the 3' region for detection of the 
endogenous PDS mRNA. Each lane contained 5 ^g RNA, and 28S RNA 
visualized by methylene blue staining was used as a loading control. Bottom 
panel shows the blot for siRNA, which was hybridized with a ^P-labeled 
transcript corresponding to the S'-terminal region (400 nt) of PDS. Each lane 
contained 50 ^g RNA. The arrow indicates the position of a 25-base DNA 
oligonucleotide. 



panel, -i-) using a PDS-specific probe, whereas no PDS- 
related siRNA could be detected in either WT control seed- 
lings (Figure 3f, lower panel, 0) or untreated At-PDSi seed- 
lings (Figure 3f, lower panel, 
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To rule out any toxic or non-specific secondary physio- 
logic effects because of 17p-estradiol-induced PDS silen- 
cing, T2 seeds of At-PDSi line 1, which showed a 3 : 1 
segregation ratio for Hyg":Hyg^ were germinated on an 
inducer-containing medium without hygromycin, the selec- 
tive antibiotic. After 3 weeks of incubation, 15 out of 19 T2 
seedlings showed the photobleaching phenotype and 
ceased to grow (Figure 3e), whereas the remaining four 
seedlings were normal. These four seedlings were sensitive 
to hygromycin as they ceased to grow after being trans- 
ferred to a hygromycin-contalning medium. The approxi- 
mately 3 : 1 segregation pattern of both the selection 
marker and the photobleaching phenotype suggested that 
the four hygromycin-sensitive plants were WT, in agree- 
ment with the Mendelian segregation ratio for a single 
transgenic locus. These four plants showed no response 
to 17p-estradiol and did not exhibit any morphological 
alteration, indicating that the inducer had no secondary 
non-specific physiological effect on WT plants. Our results 
suggest that the inducible RNAi system is able to silence the 
endogenous PDS of Arabidopsis at the seed germination 
stage with comparable efficiency and effectiveness as the 
constitutive 35S-PDS/transgene. 

We also examined post-germination induction of PDS 
silencing. Two- or four-week-old T2 At-PDSi seedlings on 
the culture medium in the absence of the inducer were 
transferred to the inductive medium, and similar results 
were obtained from the seedlings of both age groups. We 



observed two photobleaching phenotypes. In the first 
group which includes At-PDSi lines 2, 5, 7, and 8, a strong 
PDS silencing was seen, 1 week after induction, with newly 
emerged leaves showing uniform bleaching surrounding 
the central area of the leaves. The bleaching was subse- 
quently propagated to the entire leaf. Figure 4(a-d) shows 
results from one representative line 2. Most of these plants 
with a strong photobleaching phenotype stopped growing. 
The second group includes At-PDSi lines 1, 3, 4, 6, and 9-12, 
and these lines showed varying photobleaching pheno- 
types. After 2 weeks of induction, photobleaching was 
limited to the areas near the veins (Figure 4e, a plant of 
line 12) or to the white/green patchy regions in the entire 
leaf (Figure 4f, a plant of line 1); however, the leaves 
became near-white over the next 2 weeks (Figure 4g,h, a 
plant of line 1). Although the PDS silencing extended to 
most rosette leaves and some cauline leaves (Figure 4h), 
these plants with varying degree of PDS silencing could still 
develop normally and were fertile after transfer to the soil. 

We collected seeds from six T2 plants of At-PDSi line 1 
with induced silencing. When germinated on the selective 
medium (MS + Hyg), none of the T3 progeny showed PDS 
silencing. When the seeds were germinated on MS medium 
with neither the selective antibiotic nor the inducer, four T2 
lines showed no PDS silencing. On the other hand, more 
than 10% of the progeny seedlings of the other two T2 lines 
showed a constitutive photobleaching phenotype. The con- 
stitutive bleached plants presumably derived from some 




Rgure 4. Post-germination induction of PDS silencing in At-PDSi Arabidopsis thaliana transgenic plants. 

{a-d) Strong induction of PDS silencing was seen in 2-week-old seedlings of line 2 after transfer to the inductive medium for 6 days <a, b) or 10 days (c). Note that 
{b) and (c) are from the same plant. Four-week-old seedlings of line 2 were transferred to the inductive medium and the picture was taken at 2 weeks post- 
induction (d). 

(e-h) Delayed onset of PDS silencing. Four-week-old seedlings from different At-PDSi transgenic lines ^2{e) and 1 (f-h) were transferred to the inductive medium. 
Photobleaching was limited to the perivascular regions (e) or white/green patchy regions {1). The plants were photographed at 2 weeks after induction. 
Photobleaching progressed with time in the old leaves and extended to new rosette and cauline leaves when plants were photographed at 3 weeks (g) or 4 weeks 
{h) after induction. All scale bars represent 0.5 cm. 
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converted germ line cells in the L2 layers of T2 plants that 
have undergone 17p-estradiol-induced Cre/loxP DNA re- 
combination {Zuo etaL, 2001), and therefore expressed 
G10-90-PDS/ constitutively (Figure lb). 

Molecular analyses of inducible PDS silencing in 
At-PDSi plants 

The delayed onset of PDS silencing in the second group 
prompted us to analyze the relationship between the photo- 
bleaching phenotype, endogenous PDS mRNA levels, and 
dsRNA induction upon 17p-estradiol-induced Cre//oxPDNA 
excision. T2 progenies of At-PDSi line 1 were analyzed in 
detail. First, dsRNA corresponding to the PDSi transcript 
region (Figure 1 ) was analyzed. Two-week-old seedlings of 
line 1-1 (heterozygous) and line 1-2 (homozygous) were 
transferred to the inductive medium. RNA was extracted 
from a portion of the seedlings at 42 h post-induction. Total 
RNA was digested with Rnasel™ (Promega, USA}, and 
dsRNA was analyzed by hybridization with a PDS 5'-term- 
inal probe containing sequences corresponding to the PDSi 
region (Figure 1). Figure 5(b) shows that signals of the 
expected size were detected in the treated seedlings of 
both lines 1-1 and 1-2 (lanes 2 and 3), but not in the 
untreated seedlings of line 1-1 (lane 1). 




1 2 3 
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Rgure 6. Inducible P05 silencing with uniform photobleaching phenotype 
in one Nicotiana benthamiana transgenic (Nb-PDSi) line. 

(a) Seeds were germinated on the selective medium in the presence of the 
inducer (MS + Hyg + 17^estradiol), and seedlings were photographed at 
2 weeks post-germination. 

(b) Two-week-old seedlings were transferred to the inductive medium 
without hygromycin, and seedlings were photographed at 2 weeks post- 
induction. The green plant is presumably a WT plant that exhibited no 
secondary effect upon 173-estradlol treatment. Scale bar = 0.5 cm. 



Figure 5. Molecular characterization of delayed onset of PDS silencing in 
A. thaliana transgenic plants. 

(al Two-week-old seedlings of At-PDSi line 1-1 were transferred to the 
inductive medium, and the plant was photographed at 18 days post-induc- 
tion. Scale bar represents 0.5 cm. Leaves with increasing degrees of photo- 
bleaching were labeled with numbers W, and those with a similar 
phenotype were labeled with the same number. Leaves designated 1 were 
formed before seedlings were transferred to the inductive medium. 

(b) Seedlings of At-PDSi line 1-1 and 1-2 were either untreated {-) or treated 
{+) for 42 h with 17^estradiol, RNA was analyzed for the presence of pre- 
silencing dsRNA. Lane 1, line 1-1, untreated, 100 \ig RNA; lane 2, treated line 
1-1, 50 tig RNA; lane 3, treated lane 1-2, 100 ^g RNA. RNAs were digested 
with Rnasel™ before being loaded onto formaldehyde-containing gels. The 
filter was hybridized with a POS-specific 5' sequence corresponding to the 
P05/ region (Figure la). Molecular weight standards are shown on the left. 

(c) PGR analysis of genomic DNA prepared from WT Columbia {lane 1), 
untreated line 1-1 (lane 2), 18-day 17p-estradiol-treated line 1-1 (lanes 3-6) or 
line 1-2 (lanes 7-10). Leaves with similar phenotype (panel a) were pooled 
from several plants, and the group numbers indicated on top of the blot. 
Primers P1^ were used as illustrated in Figure Kb). The expected PGR 
products from different combinations of primer pairs were indicated on the 
right, M, DNA molecular markers. 

(dl Northern analysis of endogenous PDS mRNA levels. RNAs were 
extracted from the same samples as for DNA preparation (panel c), and 
the corresponding group numbers are indicated on the top. Each lane 
contained 5 mQ F^NA. 

(e) Showing one plant of At-PDSi line 1-1 treated with 17p-estradiol for 
18 days as described in (a) one week after been transferred to high light 
intensity. Note that the silenced leaves including the old ones (one indicated 
by arrow) became strongly bleached. Compare this plant to those shown in 
Figure 4(g,h). Scale bar = 0.5 cm. 

(f) Molecular analysis of inducer-treated transgenic plants 1 week after 
inducer withdrawal and transfer to the soil. Some seedlings of At-PDSi line 
1-1 treated with 17p-estradiolfor 18 days as described in (a) were transferred 
to the soil. After 1 week, leaves belonging to group 4 as well as two younger 
leaves that displayed photobleaching phenotype were pooled for PCR (left 
panel) and Northern blot analysis (right panel). Untreated line 1-1 was used 
as controls (-]. For right panel, each leaf contained 5 ^g RNA. 
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For the remaining seedlings on the inductive medium, 
new leaves that emerged after 1-week induction also 
became patchy in appearance, and photobleaching pro- 
gressed with time in both the heterozygous T2 line 1-1 
and the homozygous T2 line 1-2, similar to that in the 
parental Ti line 1. To facilitate further analysis, leaves with 
varying degrees of photobleaching were numbered as 
shown in Figure 5{a). 

PCR analysis was performed using primers specific for 
the excised sequences and flanking non-excised sequences 
(see Figure lb). Based on a previous study (Zuo ef a/., 
2001), the P1/P2 and P3/P4 primer pairs were expected to 
yield PCR fragments of 696 and 1331 bp, respectively, from 
a non-recombinant T-DNA. By contrast, following Cre/loxP- 
mediated recombination and reconstitution of the G10-90- 
PDS/ transcription unit, the P1/P4 primer pair produced a 
PCR product of 992 bp (Figure lb). Leaves with similar 
phenotype were pooled from several plants for DNA pre- 
paration at 18 days post-induction. No fragment was ampli- 
fied from WT Columbia (Figure 5c, lane 1), whereas P1/P2 
and P3/P4 fragments were detected in untreated line 1-1 
(Figure 5c, lane 2), indicating no DNA recombination. The 
P1/P4 fragment was detected in bleached (group 2 leaves) 
and patchy leaves (group 3 leaves) of both line 1-1 
(Figure 5c, lanes 4 and 5) and line 1-2 (Figure 5c, lanes 8 
and 9), indicating complete DNA excision in these leaves 
after 2 weeks of inducertreatment. In the near-green young 
leaves (group 4 leaves), however, varying amounts of the 
DNA excision were found (Figure 5c, lanes 6 and 10). There 
was no DNA excision in the sample collected from group 4 
leaves of line 1-1 because only P1/P2 and P3/P4 fragments 
were amplified (Figure 5c, lane 6). By contrast, P1/P2, P3/P4, 
and P1/P4 fragments were detected in the samples col- 
lected from group 4 leaves of line 1-2 (Figure 5c, lane 
10), indicating that DNA recombination occurred in some 
of the leaves. 

We also found that DNA excision occurred in the old 
leaves (group 1 leaves) that were already developed before 
plants were transferred to the inductive medium. P1/P4 
fragment was amplified from both line 1-1 (incomplete 
excision; Figure 5c, lane 3) and line 1-2 (complete excision; 
Figure 5c, lane 7), consistent with the highly effective indu- 
cer-dependent DNA recombination, probably as a result of 
penetration of 17p-estradiol to almost all cells in the lower 
leaves. 

Endogenous PDS mRNA levels of T2 line 1-2 were 
assessed by Northern analysis 18 days after induction. 
Consistent with the photobleaching phenotype and DNA 
excision, PDS mRNA levels were significantly decreased in 
groups 2 and 3 leaves (Figure 5d, lanes 4 and 5), and slightly 
decreased in group 4 leaves compared to that in untreated 
line 1-1 control seedlings (lane 2) and WT Columbia con- 
trol seedlings (lane 1). As expected, PDS mRNA was 
also degraded in group 1 old leaves (Figure 5d, lane 3), 



consistent with the DNA excision assay. Although PDS 
silencing in old leaves was indeed induced after treatment, 
the persistence of the green color presumably resulted 
from the continued presence of carotenoids that were 
synthesized before the T2 seedlings were transferred to 
the inductive medium. This residual amount of pre-formed 
carotenoids was able to protect chlorophylls from photo- 
oxidation under low light intensity (our assay condition: 
35 ^mol sec"^ m'^j. However, when these plants were 
transferred to high light intensity (70 nmol sec"^ m"^), all 
leaves including the old ones became strongly bleached 
(Figure 5e). 

Some line 1-1 seedlings treated with the inducer for 
18 days were transferred to the soil, and the phenotype 
of group 4 leaves as well as that of the newly emerged 
rosette leaves was followed. Group 4 leaves became patchy 
in appearance, and they became progressively bleached 
until near-white in appearance in 1 week. Similar results 
were observed in another two newly grown rosette leaves, 
which displayed limited areas of photobleaching. DNA and 
RNA were extracted from new photobleached leaves 
(including group 4 leaves), and PCR analysis showed that 
only P1/P2 and P3/P4 fragments were amplified (Figure 5f), 
indicating no DNA excision in these leaves. However, RNA 
analysis demonstrated a severe reduction in PDS mRNA 
levels, indicating that the PDS gene was silenced presum- 
ably via signals generated by the lower leaves. 

Inducible silencing of endogenous PDS gene in 
transgenic Nicotiana benthamiana 

Similar results were obtained in A/, benthamiana trans- 
formed with the pX7'PDSi(Nb) construct. Inducible PDS 
silencing was observed when the inducer was given at 
germination (Figure 6a) or post-germination stages 
(Figure 6b). Northern analysis of endogenous PDS mRNA 
levels (data not shown) confirmed the visual photobleach- 
ing phenotype, suggesting that the inducible RNAi system 
is capable of inducing endogenous gene silencing in 
N. benthamiana and probably other plant species as well. 

Discussion 

In this work, we report the development of an inducible 
dsRNA-mediated silencing (inducible RNAi) system for 
conditional gene silencing in transgenic plants. This system 
contains two steps: (i) the inducible expression of dsRNA 
resulting from 17p-estradiol-induced DNA recombination 
and (11) induction of target gene silencing by the dsRNA. 
A detailed characterization of the 17p-estradlol-inducible 
silencing system in transgenic A. thaliana and 
A/, benthamiana plants demonstrated that this system is 
stringently controlled and can produce, at high efficiency, 
conditional silencing of both a GFP transgene and an 
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endogenous PDS gene and without any detectable second- 
ary affect. At seed germination stage, all tested At-PDSi 
lines showed a uniform photobleaching phenotype similar 
to that obtained with constltutively silenced 35S-PDSi lines. 
This suggests that the efficiency and effectiveness of the 
inducible RNAi system against endogenous genes are 
comparable to those obtained with constitutive expression 
of dsRNA (constitutive RNAi). 

The highly efficient gene silencing obtained by intron- 
containing dsRNA expressed from a constitutive promoter 
would produce loss-of*function transgenic plants similar to 
null mutants. If the target gene is essential for basic cell 
function and development, constitutive RNAi would prob- 
ably prevent shoot regeneration, cause plant lethality or 
embryogenesis defect, and block the ability of the trans- 
formed plants to produce subsequent generations. These 
problems can be avoided by using the inducible RNAi 
system described here. Moreover, the inducible RNAi sys- 
tem provides the possibility to induce gene silencing at 
different stages of plant development post-germination. 
This is demonstrated by the At-PDSi lines described here, 
in which a portion of the tested 2- or 4-week-old seedlings 
showed strong photobleaching after induction similar to 
that shown by transgenic plants with 35S-PDSi phenotypes. 
Moreover, the varying initiation and degrees of inducible 
gene silencing generate plants with a range of loss-of- 
function phenotype much like an allelic series, facilitating 
functional analysis. 

Both heterozygous (line 1-1) and homozygous (line 1-2) 
progeny of At-PDSi line 1 retain the ability to reproduce 
inducible PDS silencing as the parental line, indicating that 
the Inducible RNAi can be transmitted to the next genera- 
tion. Having stable and reproducible RNAi transgenic lines 
would allow genetic crosses to be made and investigations 
of gene functions to be carried out with subsequent gen- 
erations. Other silencing induction systems, such as Agro- 
bacterium infiltration (Voinnet and Baulcombe, 1997) and 
infection with vectors derived from RNA viruses (Dalmay 
et sL, 2000; Ratcliff et a/., 2001) or DNA viruses (Peele et sL, 
2001; Turnage et al, 2002), have limited utility for func- 
tional genomics because of their transient nature, and the 
silencing effects are not heritable. Moreover, Agrohacter- 
ium infiltration cannot be applied to /\rdb/dops/5 because of 
its small plant size and clumpy rosette leaves. In the case of 
virus-induced gene silencing, some infected plants display 
stunted growth and they often do not produce inflores- 
cences, flowers, or seeds (Turnage et ai, 2002). Moreover, 
disease symptoms caused by viral infection could con- 
found the interpretation of the phenotype as a result of 
silencing of the target gene. By contrast, the inducible RNAi 
system described here can be triggered by simply treating 
plants with the inducer for a certain period of time. Treated 
plants display a specific silencing phenotype without any 
non-specific effects (see Figures 2a, 4e-h and 6b). 



We have chosen the inducible Cre/loxP DNA excision 
i system (CLX) rather than the XVE transient inducible sys- 
r tem (Zuo etaL, 2000) to produce the Inducible RNAi for 
several reasons. The mechanism for RNA silencing 
! involves an initial induction process followed by a systemic 
) spread of the silencing signal (for review, see MIotshwa 
1 er a/., 2002). The local initiation of gene silencing by dsRNA 
is equally effective for both transgene and endogenous 
genes (Smith et ai, 2000; Wesley etaL, 2001). However, 
r unlike the widespread, persistent silencing observed for 
> a GFP transgene, systemic silencing of endogenous 
I genes was transient and limited (Palauqui and Vaucheret, 
1998; Voinnet etaL, 2000). Amplification of the signal Is 
r necessary for efficient systemic silencing (Palauqui and 
Vaucheret, 1998; Voinnet et aL, 1998). It has been proposed 
! that the silencing signal Is perpetuated by transgenes, but 
i not by endogenous genes (Fagard and Vaucheret, 2000; 

MIotshwa et aL. 2002). The CLX system can rescue the weak 
t amplification of the silencing signal by endogenous genes. 
Once the Cre//oxP-mediated DNA excision occurred upon 
inducer treatment, expression of the downstream intron- 
[ containing dsRNA would be permanently activated. This 
\ situation mimics the expression of an RNAi using a con- 
stitutive promoter, which is the most efficient, effective, and 
s high-throughput system for gene silencing, and the sys- 
temic spread of silencing signal is therefore not required. 
I Expression of dsRNA from the inducible XVE system (Zuo 
etaL, 2000) without DNA recombination would require 
I repeated applications of 17p-estradiol to the transgenic 
\ plants for sustained expression, and this may not be prac- 
t tical for plants growing in the soil. 

The strong photobleaching induction in At-PDSi lines 
\ (lines 2, 5, 7, and 8) at post-germination stages is believed 
; to be a result of complete DNA excision, which would 
reconstitute the G10-90-PDS/ transcription unit to produce 
PDS/ transcripts constltutively throughout the entire plant. 
I In this case, no silencing signal amplification was required. 
' This interpretation is consistent with our PGR analysis of At- 
PDSi lines (second group), displaying a delayed onset of 
gene silencing. In both line 1-1 and line 1-2 leaves, complete 
\ excision of DNA within the loxP sites showed strong photo- 
bleaching or patchy PDS-silencing phenotype. In near- 
f green leaves where Incomplete or no DNA excision was 
f detected, only a weak systemic spread (weak signal ampli- 
fication) of PDS silencing to upper rosette leaves was seen 
during the 18-day incubation with the inducer (Figure 5a-d). 
However, upon an additional week of growth after inducer 
withdrawal, strong POS gene silencing was also detected 
in group 4 leaves and in the next two younger leaves 
I (Figure 5f). These results suggest a limited systemic 
translocation of the silencing signal to two to three upper 
leaves. 

Because of 17p-estradlol instability (Zuo etaL, 2000), a 
second or even multiple treatment with fresh inducer may 
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be needed to fully reactivate this RNAi system in some 
transgenic lines. With appropriate improvement of the 
induction conditions, a higher DNA excision efficiency, 
and therefore a higher proportion of lines showing strong 
induction, may be obtained. Nevertheless, the incomplete 
Cre/loxP DNA excision, which results in genetic chimera in 
transgenic plants, may provide a useful system to study 
mechanisms of long-distance signal transduction in gene 
silencing in Arabidopsis, which is difficult to graft (Turnbull 
etaL, 2002). The mechanisms involved in systemic RNA 
silencing in plant systems are being actively investigated 
using grafting and transient expression approaches with 
N. benthamiana or N, tabacum {Guo and Ding, 2002; 
Mallory etaL, 2001; Voinnet eta/., 2000). No mutations 
specific to systemic silencing have yet been reported in 
plant systems. Because of the small plant size and the 
clumpy rosette leaves, it is impossible to carry out localized 
infiltration oi ArabidopsiswWh Agrobacterium, and grafting 
manipulation in Arabidopsis is also a challenging task. For 
these reasons, the ability to generate genetic chimera in 
transgenic Arabidopsis producing RNAi only from treated 
tissues would be very useful for future investigations. As 
shown by PGR analysis in At-PDSi line 1-1 and line 1-2, DNA 
excision occurred in lower rosette leaves, but not in upper 
rosette leaves. Gene silencing resulting from local RNAi 
induction (complete excision. Figure 5c,d) or signal- 
mediated long-distance (no excision) induction (Figure 5f) 
can be predicted by simple PGR analysis. The ability to 
generate genetic chimera in Arabidopsis may also find 
useful applications in research on other types of long-dis- 
tance signaling (e.g. flowering time) in plants. 

Experimental procedures 



Plasmid construction 

DNA manipulations and cloning were carried out using standard 
procedures (Sambrook et al., 1989). The third intron of Arabidop- 
sis acWn gene 11 (ATU27981, nt 1957-2111) was selected for the 
intron-contalning intermediate construct (pSK-Int). This Intron was 
amplified by PGR using two primers: PIntS', 5'-TACGTAAGTA- 
GATCTTGAACACC-3'; and Pints', 5'-GGAATTCTGCAAAGAGACA- 
AGACAAT-3', The primers were designed such that their border 
sequences contained the consensus sequence (bold letters) for 
plant introns: AG//GTAAGT. . TGCAG//G (Shapiro and Senapathy, 
1987). Two restriction sites SnaB\ and EcoRI (underlined) were 
added for cloning purposes. A PGR fragment of 155 bp was 
digested with SnaBI/EcoRI and cloned into EcoRV/EcoRI-dlgested 
pBluscript II SK+ to yield the Intermediate construct pSK-Int 
(Figure la). 

To clone sequences encoding the inverted-repeat RNA into the 
pSK-int intermediate vector, a 357 bp fragment corresponding to 
nucleotides (nt) 360-716 of the GfP 3'-terminal sequence (Voinnet 
and Baulcombe, 1997) was cloned into the 5' and 3' arms of the 
intron (Figure la), and the resulting plasmid was named as pSK- 
GFPi. The 5'-termtnal sequences of PDS of A. thaliana and 
N. benthamiana were obtained by RT-PCR amplification with 



specific primers. For A. thaliana PDS, the primers were: Pat5', 
5'-GACTAGTATGGTTGTGTTTGGGAATG-3'; and Pat3', 5'- 
G ATATG GTTGGATG GAG GTATG-3' . These primers were used to 
obtain a fragment of 405 bp corresponding to nt 128-532 of the 
A. thaliana PDS cDNA (L16237), and Spel and 5coRV restriction 
sites (underlined) were added to the cDNA fragment. For PGR 
amplification of the N. banthamiana PDS sequence, the primers 
were: Pnb5', 5'-GACTAGTATGGGTCAAATTGGACTTGT-3'; and 
Pnb3', 5'-CAGCTG- TAGACAAAGGACGGAAAG-3' homologous to 
regions of the tomato PDS cDN A (M88683) nt 318-337 and nt 676- 
696, respectively. These primers were designed with the addition 
of Spel and PvuW restriction sites (underlined). Using N. benthami- 
ana RNA as templates, a 386 bp fragment was obtained with RT- 
PCR, whose sequence exhibited high homology with the tomato 
PDS cDNA. RT-PGR fragments derived from A. thaliana (At) and 
N. benthamiana (Nb) were cloned into the pGR-Blunt vector 
(Invltrogen, USA) to give pCH-PDSfAt) and pCR-PDS{Nbh respec- 
tively. Fragments of Spel-£coRI and H/ndlll-X/iol were inserted 
into both arms of the intron of pSK-int digested with the appro- 
priate restriction enzymes as shown In Figure 1(a) to obtain pSK- 
PDSilAt) and pSK-PDSi{Nbh respectively. 

For inducible dsRNA transformation constructs, the kanamycln- 
resistance gene in pX6-GFP (Zuo et al., 2001) was replaced with a 
hygromycin-resistance gene, and the derivative called pX7-GFP. 
To create an Inducible expression of Intron-containing dsRNA, 
fragments of Xho\-Xba\ from pSK-GFPi, pSK-PDSi(At), and pSK- 
PDSi(Nb) were subcloned Into pX7-GFP digested with Xho\ISpe\ 
{Xba\ and Spel are compatible), resulting in pXl-GfPi. pX7- 
PDSi(At), and pX7-PDSi(Nbh respectively (Figure lb). 

In addition, the Psfl-Sad fragment from \)SK-PDSi{At) was 
cloned into a modified binary vector pCAMBIA-1300 (AF234296), 
which contained a 35S promoter and a 35S terminator, to give 
pCAMBIA-PDSiYAU which is a constitutive RNAi construct 
(Figure 1c). 

Upon request, vectors described in this paper are available to 
academic researchers for non-commercial projects. 

Plant materials, transformation, and growth conditions 

A transgenic N. benthamiana line (GFP-16c) carrying a 35S-GfP 
transgene with a kanamycln-selectable marker at a single locus in 
homozygous condition (Ruiz et al, 1998) and a transgenic A. thali- 
ana ecotype G24 line (Dalmay etaL, 2000) carrying a similar 
transgene were used for pX7-GFPi transformation. A. thaliana 
ecotype Golumbia was used for pXl-PDSi(At} and pCAMBIA- 
PDSiiAt) transformation. WT N. benthamiana was used for pX7- 
PDSi(Nb) transformation. /V. benthamiana transformation was 
carried out by co-culture with Agrobacterium, whereas A. thaliana 
was transformed by the floral dip method IGlough and Bent, 1998). 
The selective medium contained MS medium plus hygromycin 
(20 mg for A. thaliana and 40 mg 1"^ for A/, benthamiana), 
whereas the inductive medium contained. In addition, 17p-estra- 
diol (2 \iM). GFP fluorescence was examined using a 100 W hand- 
held long-wavelength UV lamp. 

Analyses of RNA and DNA 

Total RNA was isolated from plant tissues by LiGI precipitation 
(Verwoerd et aL, 1989). The LiGI supernatant fraction was precipi- 
tated with 3 volumes of ethanol to obtain genomic DNA and low 
molecular weight RNA (sIRNA). dsRNA was obtained by digesting 
total RNA with Rnaser"^ (Promega, USA) (0.5 U Rnase ng"^ total 
RNA) at 37''G for 3 h. For Northern analysis, total RNA or dsRNA 
was separated on 1.2% agarose formaldehyde gels, transferred to 
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Hybond-N-h membranes, and hybridized with ^^P-labeled cDNA 
probes specific for the respective RNA. Low molecular weight RNA 
analysis was done as described (Hamilton and Baulcombe, 1999; 
Llave et al, 2000}. The probes for GFP and PDS siRNA were ^^P- 
labeled 3'-terminal 356 nt of GFP or 5'-terminal 400 nt of PDS 
antisense RNA, respectively, transcribed by T7 RNA polymerase. 
The PGR analysis with approximately 200 ng of genomic DNA was 
subjected to 94°C for 20 sec, 50°Cfor20 sec,and72'*Cfor2 minfor 
30 cycles. Primers for PGR analysis were: PI, 5'-GCCGCCACG- 
TGCCGCCACGTGCCGCC-3'; P2, 5'-CTCGTCAATTGCAAGGGCAT- 
GGGT-3'; P3, 5'-CTGGACACAGTGGCCGTGTCGGA-3'; P4, identical 
to Pints' for intron amplification (see Results). 
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Downregulatlon of endogenous genes via post-transcriptional gene silencing (PTGS) is a key to the char- 
acterization of gene function in plants. The recent discovery that double-stranded RNA (dsRNA) is an 
extremely effective trigger of gene silencing greatly enhanced the predictability of this approach. However, 
strong constitutive silencing often leads to pleiotropic effects, which make it difficult to directly relate 
phenotype to gene function, or even interferes with the recovery of viable transgenic plants. Here, we 
show that strong genetic interference can be achieved in a chemically inducible fashion, allowing for 
temporal and spatial control of gene silencing in transgenic plants. To this end, transgenic tobacco plants 
were established expressing dsRNA in the form of Intron-spliced hairpin structures under the control of the 
ethanol-induclble ale gene expression system. Targeting magnesium (Mg)-chelatase subunit I [Chi I] and 
glutamate 1-semialdehyde aminotransferase [GSA], both Involved in chlorophyll (chl) biosynthesis, 
resulted in rapid and specific mRNA degradation upon induction with ethanoi. Ethanol-induclble silencing 
of the target genes caused strong but transient phenotypical alterations featured by a progressive loss of 
chl In young leaves, which persisted for about 7-9 days before newly growing leaves completely recovered. 
About 10-^0% of the primary transformants showed phenotype development upon induction. Local silen- 
cing of Chl I could be achieved by confined ethanoi treatment of a single leaf without affecting any other 
part of the plant. Inducible gene silencing using the ale system promises to obviate the problems associated 
with constitutive RNA silencing and enables to dissect primary and secondary effects of PTGS at temporal 
and spatial resolution. 

Keywords: chemically inducible expression, ethanoi, double-stranded RNA, gene silencing, functional 
genomics, NIeotiana tabacum. 



Summary 



Introduction 



The recent completion of the Arabidopsis thaliana genome 
sequence (The Arabidopsis Genome Initiative, 2000) and 
the accumulation of sequence data from a number of other 
model plants and important crop species, such as rice (Goff 
ef a/., 2002; Yu ef aL, 2002), have provided a vast new 
resource to define gene function at the morphological, 
biochemical, or physiological level. A critical step in exploit- 
ing these genomic resources, however, depends on the 
development of novel tools and approaches for the func- 
tional analysis of a given gene. In the past, the use of loss- 
of-function or reduced-expression mutants has proven to 
be a powerful tool to relate a mutant phenotype to the 
function of a particular gene. Traditionally, these reverse 



genetic approaches rely on transposon insertions or classic 
genetic screens (for review, see Page and Grossnlklaus, 
2002). However, their use is limited by the untargeted 
nature of the mutagenesis and their restriction to a few 
genetically tractable plant species. The discovery of the 
antisense phenomenon of plant gene silencing (van der 
Krol ef a/., 1988; Smith et a!., 1988), and subsequently co- 
suppression (van der Krol eta/., 1990; Napoli et aL, 1990), 
provided an alternative means for investigating the role of 
specific gene products in plant growth and metabolism and 
has been particularly versatile in studying plant primary 
metabolism (Frommer and Sonnewald, 1995; Stitt and 
Sonnewald, 1995). The antisense and co-suppression 
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phenomena are collectively referred to as post-transcrip- 
tional gene silencing (PTGS), which describes a nucleotide 
sequence-specific RNA degradation process naturally pro- 
viding a defense nnechanism against invasive nucleic acids 
such as viruses, transposons, and transgenes (Baulcombe, 
2002; Matzke et aL, 2001; Vance and Vaucheret, 2001; 
Voinnet ef a/., 1998). A set of mechanistically related path- 
ways were also found in fungi (quelling) and in animals 
(RNA interference (RNAI)) and requires a conserved set of 
gene products (for recent reviews, see Carthew, 2001; 
Cogoni and Macino, 2000; Plasterk, 2002). According to 
current models of PTGS, an endogenous RNA-dependent 
RNA polymerase initially synthesizes a double-stranded 
RNA (dsRNA) molecule using the target transcript as tem- 
plate (Dalmay eta/., 2000; Mourrain et sL, 2000), which is 
subsequently processed into 21-25 ntRNA fragments of 
both polarities (Hamilton and Baulcombe, 1999). These 
short interfering RNAs (siRNAs) are then incorporated into 
a dsRNA-induced silencing complex (RISC) to guide cycles 
of specific RNA degradation (Hammond et ai, 2000; Tang 
etaL, 2003; Zamore et ai, 2000). In some experiments, 
however, when conventional antisense and co-suppression 
constructs are used to trigger PTGS, RNA-silencing occurs 
only in a portion of the transformants or their progenies or 
the constructs even fail to induce silencing, rendering these 
approaches largely ineffective. Recently, considerable pro- 
gress in effectively triggering PTGS has been made by 
using constructs designed to express dsRNA fragments, 
usually in the form of self-complementary hairpin RNA, 
consistently yielding a high degree and frequency of PTGS. 
This often gives rise to phenotypes that resemble those of 
the null alleles ofthe target genes (Chuang and Meyerowitz, 
2000; Levin et al, 2000; Smith et al, 2000). However, 
because of the high degree of silencing, which is achieved 
by this method, functional analysis of a particular gene 
product required during plant transformation and regen- 
eration from culture is limited, as viable plants might not be 
recovered. Moreover, constitutive gene silencing consis- 
tently entails pleiotropic effects, which might superimpose 
the primary impact of reduced gene expression and thus 
mask true gene function. This is especially true, if metabolic 
processes are under scrutiny, as the observed phenotype 
could rather reflect a physiological adaptation to the loss of 
a metabolic function than a primary response to the latter. 
To overcome these problems a system for inducible gene 
silencing of candidate genes would be highly desirable. 

The problems have partially been solved by the introduc- 
tion of virus-induced gene silencing (VIGS) systems where 
a recombinant virus carrying a partial sequence of a host 
gene is used to infect the plant. When the virus spreads 
systemically,the endogenous transcripts, which are homo- 
logous to the Insert in the viral vector, are degraded by 
PTGS (Baulcombe, 1999). Although several VIGS vectors 
have been described (Gossele et ai, 2002; Holzberg et al.. 



2002; Liu et al., 2002; Ratcliff eta/., 2001; Turnage et aL, 
i 2002), these approaches suffer from a number of short- 
comings. First, the use of each system is restricted by the 
; host range ofthe virus it is derived from and thus no such 
system is broadly applicable to a wide range of plant 
; species. Second, the VIGS phenotype is superimposed, 
and sometimes complicated, by at least mild disease symp- 
i toms of virus infection, which cause significant biochemical 
f perturbations not directly linked to the suppression of the 
; target gene. This causes problems especially in physiolo- 
» gical investigations. Most of these limitations should be 
t overcome by the use of a chemically inducible promoter to 
I drive expression of the silencing construct, allowing the 
investigator to control when a specific gene will be inacti- 
i vated. The optimal system would employ a non-toxic indu- 
F cer with high specificity and minimal potential to elicit 
i physiological responses. Moreover, the system should 
I have the capacity to achieve high level of expression but 
; with a concomitant negligible activity in the absence ofthe 
I inducer. One such system is the ale gene switch based on a 
regulon derived from the filamentous fungus Aspergillus 
I nidulans {Caddick eta!., 1998; Roslan et al., 2001; Salter 
► et al, 1998). In plants, the system basically consists of two 
modules: the AlcR transcriptional regulator expressed from 
) the cauliflower mosaic virus (CaMV) 35S promoter and a 
modified a/cA promoter in front of the gene of interest. In 
r the presence of ethanol, AlcR binds to the modified aick 
promoter and drives expression of the target gene. Several 
studies demonstrated the efficiency of the ale system in a 
wide range of plant hosts. Including Arabidopsis, Brassica 
F napus, Nicotiana tabacum, and potato tubers (Caddick 
etal, 1998; Junker et al, 2003; Roslan era/., 2001; Salter 
et al, 1998; Sweetman et al, 2002). Induction ofthe system 
I can be achieved by either root drenching of the plants with 
I ethanol solution (Caddick etal, 1998; Roslan etal, 2001; 

Salter etal, 1998) or exposing the plants to ethanol vapor 
I (Sweetman et al, 2002). Alternatively, the ale gene switch 
can also be activated by other related chemicals. A recent 
) study demonstrated a more rapid induction of the system 
; upon the application of acetaldehyde, the physiological 
inducer of the ale regulon in A. nidulans, than that of 
! ethanol (Junker etal, 2003). 

f We initiated the study described herein to determine 

whether the ale system can be used to achieve inducible 
I gene silencing in transgenic tobacco. To this end, nuclear 
genes involved in the chlorophyll (chl) biosynthetic path- 
way were targeted, because it was assumed that the host 
! gene silencing would be easy to visualize and quantify as 
loss of chl. Our data demonstrate that transgenic tobacco 
1 plants designed to express double-stranded hairpin con- 
structs under the control ofthe ethanol responsive promo- 
ter exhibit a rapid but transient development of the 
characteristic phenotype upon induction. Using repeated 
application of ethanol, extended periods of gene silencing 
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could be maintained. We further show that spatial silencing 
of a target gene could be achieved by ethanol treatment of a 
single tobacco leaf. With these attributes, inducible PTGS 
using the ale system promises to extend the kind of silen- 
cing studies that can be carried out in transgenic plants, in 
particular, with respect to temporal and spatial resolution of 
silencing effects, rendering the system extremely useful for 
metabolic studies. 



Results 

Construction of silencing vectors and plant 
transformation 

To evaluate the suitability of the ale system for inducible 
gene silencing, two nuclear target genes were selected, 
which have previously been described to yield a readily 
discernable phenotype in conventional antisense experi- 
ments. Magnesium (Mg)-chelatase is a heteromeric enzyme 
complex composed of three-subunits (designated CHL I, 
CHL H, and CHL D) that catalyzes the incorporation of 
Mg^"^ into protophorphyrin IX, which represents the first 
committed step in chl biosynthesis. Antisense suppression 
of Chll'm transgenic tobacco led to a strongly reduced green 
pigmentation as a result of the decreased chl biosynthetic 
capacity (Papenbrock et al., 2000). A key regulatory step In 
tetrapyrrole biosynthesis in higher plants, providing the 
precursors for chl and heme synthesis, is the formation of 
5-aminolevulinate catalyzed by the activity of glutamate 
1-semialdehyde aminotransferase (GSA). Expression of 
GSA antisense RNA in tobacco plants results in a decline 
in chl content apparently leading to pale leaves (Hofgen 
era/., 1994). 

Constructs for inducible expression of dsRNA in trans- 
genic plants were assembled in the appropriate plant trans- 
formation vector {Caddick ef a/., 1998), which contained the 
AlcR gene driven by the constitutive CaMV 35S promoter 
and gene-specific fragments in sense and antisense orien- 
tation Interspersed by a short intron under control of 
the modified aIcA promoter {a\c-dsRNA gene cassette. 
Figure 1). In parallel, inducible antisense constructs were 
made to target Chl I and GSA respectively, by putting 
the corresponding antisense fragment under the control 
of the ethanol-inducible promoter (alc-ant/ gene cassette. 
Figure 1). After Agrobacterium-n\ed\aXed gene transfer 
(Rosahl ef a/., 1987), 80 primary transformants for each 
construct were transferred to the greenhouse. Prior to 
the application of ethanol, all transgenic plants were indis- 
tinguishable from wild-type plants, indicating that the pro- 
moter was not leaky. Northern analysis of transgene- 
specific dsRNA further confirmed tight control of the pro- 
moter under un-induced conditions in that no detectable 
levels of dsRNA were present prior to the application of the 



EcdRi H/ndDI H/ndUl 




Figure 1. Diagrammatic representation (not to scale) of a/c-system -de rived 
silencing constructs. 

The a/cfl cDNA Is under control of the CaMV 35S {p35S\ promoter and 
positioned upstream of the nos terminator itnos). The a\C'dsRNA construct 
contains either a Chl I or GSA fragment in antisense and sense orientation 
separated by Intron 1 of potato GA20 oxidase (200 bp] In spllceable orienta- 
tion. The alc-anf/sense construct comprises simply the respective antisense 
fragment. In both constructs, all fragments were inserted downstream of the 
chimeric paIcA promoter, which consists of the CaMV 353 minimal promo- 
ter (-31 to +5) fused at the TATA-box to upstream promoter sequences of 
aIcA (Caddick et al., 1998). 



Inducer (data not shown). However, after ethanol induction, 
26 (33% efficiency) of the alc-dsChl / transgenics and 10 
(13% efficiency) of the a\c-dsGSA plants displayed the 
characteristic phenotype previously described from consti- 
tutively silenced plants. Phenotypes of individual transfor- 
mants varied from heavily bleached leaves with only small 
green areas remaining (11 a\c-dsChl I and 4 a\c-dsGSA 
plants, respectively) to variegation patterns of likewise 
green and yellow to white patches (six alc-c/sC/i/ / and three 
a\c-dsGSA plants, respectively) and pale areas along the 
major leaf veins (nine a\c-dsChl I and three alc-dsGSA 
plants, respectively). The overall efficiency using the ale 
system for inducible gene silencing was much lower than 
that of the recently published inducible RNAi system based 
on estradiol induction (Guo ef a/., 2003). Whether this was 
because of differences in constructs or vectors or because 
of a species difference is currently unknown. 

Specific silencing of the target gene In phenotypically 
affected plants was further confirmed by Northern blotting 
using gene-specific probes (data not shown). Reduction In 
Chl I and GSA mRNA steady state level correlated with the 
strength of the observed phenotype. Contrastingly, none of 
the plants solely expressing the antisense fragment tar- 
geted against Chl land GSA displayed any visible pheno- 
type upon Induction (data not shown). Northern blotting 
was applied to screen for individuals expressing the respec- 
tive antisense transgenes. Several plants expressing con- 
siderable amounts of the antisense transcript could be 
identified for each construct (data not shown). From these 
data, we conclude that ethanol-inducible expression of 
dsRNA causes silencing of endogenous genes comparable 
to that in constitutively silenced plants. Selected primary 
transformants for each construct were selfed and the T1 
generation was subject to a detailed analysis. 
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Rapid and reversible phenotypical changes in plants 
containing a/c-dsRNA expression cassettes 

Three a\c-dsChl I lines (14, 16, and 45), and two a\c-dsGSA 
lines (60 and 70) were chosen for a detailed analysis accord- 
ing to their strong inducible phenotype observed in the Tq 
generation. Seeds were germinated on kanamycin-contain- 
ing medium and resistant seedlings were analyzed 4 weeks 



after transfer to soil. Application of 1% ethanol by root 
drenching led to the development of the characteristic 
phenotype featured by the loss of chl. The phenotype 
started to develop approximately 36 h post-Induction 
(hpi) for alC'dsChI I lines and approximately 48 hpi for 
a\c-dsGSA lines, and was first visible in the top leaves 
(Figure 2). The bleached patches expanded as the leaves 
grew, and also appeared in nascent leaves over a period of 






Figure 2. Time course of phenotype development in s\c-dsRNA lines after application of ethanol. 
(a-f) a\c-dsChl I line 16 before, and 2, 4, 5, 9, and 12 dpi, respectively. 

(g-l) a\c-dsGSA line 60, before, and 2, 4, 5, 7, and 9 dpi. The arrow Indicates the type of leaf that has been followed for molecular analyses. 
Plants (42 days old) were Induced via root drenching with 100 ml 1% (v/v) ethanol and photographs were taken at different time points. 
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7-9 days. After that, newly emerging leaves looked like 
the wild type again while those Initially affected never 
recovered. Whether this was because of the develop- 
mental control of chl-synthesizing enzymes (Hartel at ah, 
1997; He efa/., 1994) or because of stable silencing is 
currently unknown. Leaves that were mature prior to 
induction always remained green. Upon a second induc- 
tion, the silencing phenotype could be re-established in 
the newly grown leaves of transgenic plants (data not 
shown). 

In some cases, the silencing effect caused by a single 
induction might be too transient to reveal the full sequence 
of consequences of reduced gene expression. In order to 
Investigate whether extended periods of gene silencing 
could be achieved by repeated ethanol treatments, alc- 
dsChl I plants were root-drenched with 1% ethanol every 
2 days for 15 days In total. Phenotypic changes became 
apparent 2 days post-induction (dpi) but, in contrast to the 
single-induction experiments, they were maintained over 
the entire period of ethanol treatment (Figure 6b). There- 
fore, using re-iterated treatments, extended periods of gene 
silencing can be maintained. 

Kinetics of inducible gene silencing 

In order to follow the kinetics of target transcript reduction 
in a\c-dsRNA lines, samples were taken from leaves 
expected to become phenotypically affected at different 
time points after application of ethanol. To compensate 
for plant-to-plant variation, at least three plants were 
probed at each time point and samples were pooled after 
preparation of total RNA. Northern analysis revealed that 
the Chi I mRNA was significantly reduced as early as 8 h 
after ethanol induction. Transcript levels further declined to 
undetectable levels at 48 hpl so as to rise again from 72 hp! 
onwards. The initial amount was reached again at approxi- 
mately 9 dpi in newly emerging leaves, which were phe- 
notypically normal (Figure 3a). ChJ I transcript levels in 
ethanol-treated wild-type plants remained stable over the 
time course of the experiment (data not shown). Similar 
kinetics of target transcript decay and duration of mRNA 
downregulation was observed in the alc-cfsGSA plants 
(Figure 3b). In the line under investigation (line 60), an 
additional band migrating above the endogenous GSA 
transcript appeared upon induction and was detectable 
upto 48 hpi. As PTGS has been shown to affect RNA 
processing (Mishra and Hanada, 1998), we used RT-PCR 
to investigate whether splicing of the endogenous GSA 
messenger was impaired in these plants. No PGR product 
that could possibly represent an Incompletely spliced RNA 
was detected. However, if primers specific for the intron 
included in the transgene construct were used, a weak but 
specific band was amplified (data not shown). Therefore, 
the additional band on the GSA Northern blot was tenta- 



Timc after induction 



new leaf 



Chi J 



\CSA 



Rgure 3. Efficient downregulation of target mRNA following ethanoMndu- 
cible expression of dsRNA constructs. 

(a) Time course of C/)// transcript degradation in alc-dsCh/ / plants (line 16). 

(b) Time course of GSA mRNA degradation in a\c-dsGSA plants (line 60). 
Transgenic tobacco plants (42 days old) were induced with 100 ml 1% (v/v) 
ethanol via root drenching. Leaves were followed being a 5 cm in size at the 
time point of induction. After the indicated periods of time, total RNA was 
isolated and Northern blot hybridization was performed with the respective 
cDNA probe. At 9 and at 1 1 dpi, newly grown leaves were taken for the 
analysis. 



tively assigned to the unspliced Intron-containing inverted- 
repeat fragment. This band was never observed in any 
other alc-dsGSA line; however, line 60 had the strongest 
phenotype and high expression of the transgene might 
interfere with Its correct splicing because of sub-optimal 
splice sites. 

In orderto follow the silencing process in aic-dsGS>4 lines 
on the protein level, samples were taken from the same 
leaves as before and subjected to a Western analysis using 
GSA-specific antibodies (kindly provided by Dr B. Grimm, 
Humboldt University, Berlin, Germany). Within 48 hpl, a 
considerable reduction of the GSA amount occurred in the 
transgenics (Figure 4), which is in good accordance with 
phenotype development in these plants. No detectable 
protein was observed 72-96 hpl. When newly developing 
leaves were probed for GSA 9 dpi, the amounts were 
comparable to those before induction. 



Time after induction 

new leaf 



Rgure 4. Time course of GSA protein degradation in a\c-d$GSA plants after 
ethanol treatment. 

(a) Level of GSA protein in a\c-dsGSA plants (line 60) after Induction. 

(b) Ethanol-treated control plants. 

Plants (42 days old) were induced with 100 ml 1% {wM ethanol via root 
drenching. Leaves were followed being c. 5 cm in size at the time point of 
induction. After the indicated periods of time, total protein was prepared and 
Western blot analysis was performed using an anti-GSA antibody. At 9 and 
at 11 dpi, newly grown leaves were taken for the analysis. 
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Changes in chlorophyll contents upon induction of 
gene silencing 

In order to investigate the degree of gene silencing, which 
could be achieved with the ethanol-inducible systenn 
compared to plants constitutively silenced for GSA and 
Chi I (Hofgen era/., 1994; Papenbrock et ah, 2000), the 
decrease in chl content in phenotypically affected leaves 
over time was taken as an indirect measure for chl biosyn- 
thetic capacity. Therefore, leaves were followed that were 
approximately 5 cm in length at the time point of induction. 
Samples were taken at different time points and analyzed 
for their chl content. To compensate for local variations 
within a plant, two samples were taken from each leaf. 
To compensate for plant-to-plant variation, at least five 
plants were harvested at each time point for each construct 
tested. After application of ethanol, a gradual decline in chl 
content was observed in lines expressing dsRNAconstructs 
{Figure 5), whereas chl content in ethanol-treated control 
plants increased overthe time course ofthe experiment as a 
result of the developmental control of chl biosynthesis. 
In case of alc-dsChl I plants, the progressive loss of chl 
became apparent as early as 24 hpi, while ethanol-treated 
alC'dsGSA plants lost their chl more slowly. This is in 
good accordance with the temporal differences in pheno- 
type development of the two mutants. Seven days post- 
Induction, chl content in a\c-dsChl I plants was only 
approximately 3% of that before treatment, whereas chl 
content in phenotypically affected leaves of ak-dsGSA 
was reduced to levels of about 20% of those before 
treatment. 



200 




Days post induction (dpi) 

Figure 5. Changes in chl content in alc-c/s/?A/4 transgenic plants after etha- 
nol induction. 

Control plants iO), a\c-dsGSA line 60 (•), and a\c-dsChl I line 16 (T) were 
induced with 100 ml 1% (v/v) ethanol via root drenching, and chl content 
was measured atthe times indicated. Samples were talcen from leaves being 
c. 5 cm in size at the time of induction until 7 dpi. The chl content is 
expressed as a value relative to that at day 0. Bars show the SD of five 
replicates. 




Figure 6. Temporal and spatial control of CM I gene silencing, 
(a, b) Wild-type (a) and ak-dsChll ib) plants (line 16) were root-drenched 
with 1% ethanol solution every 2 days. The pictures were taken at 15 dpi. 
(c, d) Local Chl I silencing. The leaf indicated by an arrow was enclosed with 
3 ml of 4% (v/v) ethanol for 48 h. (c), wild-type control plant; (d), a\c-dsChl I 
plant from line 16. 



Spatial control of gene silencing using the ale system 

Previous studies demonstrated that spatial induction of ale- 
reporter gene constructs could be achieved by exposing 
single leaf to ethanol vapor (Sweetman et al., 2002). In 
order to test whether this was also possible for inducible 
gene silencing, an individual leaf of an alc-dsC/)// plant was 
exposed to ethanol vapor using a similar 'bagging' experi- 
ment as described before by Sweetman et al., (2002). As 
shown in Figure 6(d), the respective leaf displayed the 
typical symptoms of Chl I downregulation observed in 
whole plant induction experiments. The phenotype was 
restricted to the treated leaf only, indicating that neither 
transport of ethanol into adjacent parts of the plant nor 
spread of silencing occurred. Thus, our data demonstrate 
that confined vapor treatment allows for spatial control of 
gene silencing using the ale system. 

Discussion 

Downregulation of endogenous genes via PTGS using 
sense or antisense constructs is a crucial tool to assess 
gene function in transgenic plants. Recent findings indicate 
that expression of self-complementary hairpin RNAs 
greatly enhances the efficacy of such experiments (Chuang 
and Meyerowitz, 2000; Levin et al„ 2000; Smith et aL, 2000; 
Stoutjesdijk et aL 2002; Waterhouse et a/., 1998). Although 
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these approaches have been proven to be extremely useful, 
they are not without problems. One drawback of these 
studies is that constitutive gene silencing often entails 
pleiotropic effects on growth and development of the trans- 
genic plants, which complicate the interpretation of the 
phenotype and might mask true gene function. Further- 
more, if expression of the target gene is essential for early 
growth or regeneration during tissue culture, vital plants 
might not be recovered. Here, we show that temporal and 
spatial control of gene silencing in transgenic plants can be 
achieved by ethanol-inducible expression of dsRNA con- 
structs using the a/c system. 

We used two genes involved In chl biosynthesis, namely 
Chlland GSAtotestdownregulation by ethanol-inducible 
expression of antisense fragments and dsRNA constructs, 
respectively. Suppression of either of the two target genes 
was assumed to result in a loss of pigmentation because of 
reduced chl biosynthesis (Hofgen eta/., 1994; Papenbrock 
et ai, 2000). However, only constructs giving rise to dsRNA 
were effective In triggering gene silencing, as revealed by 
rapid development of the characteristic phenotype after 
induction with ethanol. Constructs designed to express 
conventional antisense fragments failed to interfere with 
expression of the target gene, which was further confirmed 
by Northern blotting. This Is consistent with the assump- 
tion that dsRNA is a much stronger trigger of PTGS than 
ssRNA, possibly by circumventing the initial conversion of 
ssRNA into dsRNA by an RNA-dependent RNA polymerase 
(Beclin et al, 2002; Dalmay era/., 2000). First signs of 
phenotype development occurred at 36 hpi for a\c-dsChl I 
to 48 hpi for alc-dsGSA most likely reflecting differences in 
mRNA and protein turnover rates of the respective endo- 
gene. The time point of phenotype development was highly 
reproducible in several independent Induction experiments 
(data not shown) and is much more rapid than the 10 days 
to 3 weeks, which have been reported to be necessary for 
phenotype induction using various virus-based gene silen- 
cing systems (Gossele etal., 2002; Hirlart eta/., 2002; 
Ratcliff etaL, 2001; Turnage eta/., 2002). Using a single 
Induction, the phenotype persisted for approximately 
9 days, which Is considerably shorter than what has been 
shown for VIGS (Gossele eta/., 2002; Ratcliff eta/., 2001; 
Turnage et a/., 2002). However, re-iterated ethanol treat- 
ment permits to maintain stable silencing for extended 
periods, which should enable to follow the full sequence 
of consequences of reduced gene expression whenever 
desirable. 

One of the most interesting features of gene silencing is 
that It can act non-cell-autonomously, meaning that it can 
be induced locally and subsequently spread throughout the 
organism, implying the existence of a mobile silencing 
signal (Klahre eta/., 2002; Palauqui eta/., 1997; Volnnet i 
et a!., 1998). Little is known about the nature of the signal, 
but it seems likely that the sequence-specific component is i 
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an RNA (Boutia etaL, 2002; MIotshwa eta/., 2002). How- 
ever, evidence suggests that highly expressed transgenes 
are much better for systemic silencing than are endogen- 
ous genes, suggesting that the amount of target RNA is 
important in establishing systemic silencing in response to 
the mobile signal (Palauqui and Vaucheret, 1998; Palauqui 
et ai., 1997; Voinnet et al, 1998). This Is consistent with the 
finding that using the a/c system, local silencing of Chl i 
could be achieved by confined ethanol treatment of a single 
leaf. In this case, no other parts of the plant but the treated 
leaf displayed any visible signs of C/i/ /silencing. Indicating 
that no systemic spread of PTGS occured. Spatial control of 
gene silencing Is desirable in some situations, for instance 
to study the function of widely expressed genes on an 
organ or tissue basis without affecting the entire plant. 
On the other hand, the system allows for the investigation 
of physiological perturbations on the whole plant level, 
which were caused by local silencing of a particular gene. 

To determine the degree of silencing, which could be 
achieved by Inducible expression of dsRNA constructs on 
the biochemical level, the decline In chl content in pheno- 
typically affected leaves was taken as an indirect measure 
for chl biosynthetic capacity. A reduction in chl of approxi- 
mately 80% was achieved in a\c-dsGSA plants, which Is In 
the range of what has been reported for transgenic tobacco 
plants constitutively expressing GSA antisense RNA 
(Hofgen eta/., 1994). Transgenic tobacco plants constitu- 
tively silenced for Chl l\Nere shown to have approximately 
40% of the chl content as compared to the control 
(Papenbrock eta/., 2000). Inducible silencing of Chl I using 
the ale system reduced the chl content in phenotypically 
affected leaves to approximately 3% of that before Induc- 
tion, indicating a much stronger effect on C/?/ / expression 
than that in constitutively silenced plants. It is reasonable to 
assume that in case of constitutive silencing, there is a 
considerable selection against the reduction of Mg-chela- 
tase activity below a certain threshold level, which does not 
support plant growth under autotrophic conditions. Thus, 
in some cases, inducible PTGS using the a/c system is likely 
to provide a valid strategy to obtain a degree of silencing, 
which otherwise prevents the regeneration of viable trans- 
genics. 

Recently, an alternative system to achieve chemical-regu- 
lated Inducible gene silencing has been described, which 
takes advantage of 17p-estradlol-inducible recombination 
to trigger the expression of an intron-contalning inverted- 
repeat RNA (CLX system; Guo etaL, 2003). In this case, 
induction of the system leads to permanent activation of 
PTGS mimicking expression from a constitutive promoter. 
However, because of the nature of the Inducer, the CLX 
system might not be readily applicable to soil-grown 
plants, and thus its use in physiological studies is limited. 

In summary, the data presented here demonstrate the 
utility of the ale gene system to achieve transient gene 
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silencing by inducible expression of dsRNA constructs. The 
ale system offers an enormous flexibility with respect to 
time point of induction, expression level, spatial control, 
and duration of expression, and is applicable to a variety of 
plant species. In contrast to other chemically regulated 
systems, ethanol, or alternatively acetaldehyde, is com- 
paratively a benign inducer and exerts only minimal phy- 
siological side-effects in concentrations necessary for 
induction (Junker etaL, 2003). These attributes greatly 
enhance the reproducibility of silencing experiments, 
which is of particular importance in metabolic studies 
requiring a large population of uniformly silenced Indivi- 
duals. The system provides a powerful tool to investigate 
molecular and physiological alterations associated with 
repression of a target gene at temporal and spatial resolu- 
tion. Thus, dissection of primary and secondary effects of 
gene silencing should be greatly facilitated, allowing more 
precise predictions of gene function. 

Experimental procedures 



Transgenic plants, growth, and maintenance 

Tobacco plants {N. tabacum cv. Samsun NN) were obtained from 
Vereinigte Saatzuchten eG (Ebsdorf, Germany) and grown in tis- 
sue culture under a 16-h light/8-h dark regime (irradlance 150 jimol 
quanta m"^ sec~^) at 50% humidity on Murashige and Skoog 
medium (Sigma, St Louis, MO, USA) containing 2% (wA^) sucrose. 
Plants in the greenhouse were kept in soil under a light/dark 
regime of 16 h light (25"C) and 8 h (20X) dark. 

Plasmid construction and plant transformation 

All constructs for plant transformation were cloned into p35S:a/c/?, 
a derivative of pBin19 (Sevan, 1984), carrying the alcH gene from 
A nidulans between the CaMV 35S promoter and the nos termi- 
nator (Caddick et al., 1998) using standard procedures (Sambrook 
et al., 1989). Fragments containing portions of the respective 
target gene in sense and antisense orientation separated by an 
intron were initially assembled into a pUC-based vector. To this 
end, the first intron of the gibberellin 20 (GA20) oxidase gene 
from Solanum tuberosum (kindly provided by S. Biemelt, IPK 
Gatersleben, Germany) was PGR amplified using the primers 
5'-cctgcaggctcgagactagtagatctggtacggaccgtactactcta-3' and 5'-cc~ 
tgcagggtcgactctagaggatcccctatat3atttaagtggaaaa-3'. The oligonu- 
cleotides were designed to introduce Ps1\/Xho\/Spe\/Bgl\\ sites at 
the 5' end and BamH\/Xba\/Sal\/Ps1\ sites at the 3' end, into the 
resulting PGR product. The 200-bp intron fragment was inserted 
into a pUC18 vector devoid of the polylinker site via blunt-end 
ligation resulting in the plasmid pUC-RNAi. A 655-bp fragment of 
the N. tahacum Chi I gene (GenBank Accession number U67064) 
comprising nucleotides 454-1108 was amplified by PGR from 
tobacco cDNA and inserted as a BamH\/Sal\ fragment in sense 
orientation downstream of the GA20 intron into pUG-RNAi using 
the before-mentioned restriction sites. The same fragment was 
inserted in antisense orientation into the Bgl\\IXho\ sites of pUC- 
RNAi already carrying the Chi I sense fragment. Subsequently, the 
entire fragment comprising sense and antisense fragments of Chi I 
interspersed by the potato GA20 oxidase intron was excised from 



pUG-RNAi using the flanking Psri restriction sites and inserted into 
a pUG-based plasmid between a chimeric aIcA promoter and a nos 
terminator sequence (Gaddick et ai, 1998). The resulting aIcA 
expression cassette was subsequently inserted into the H/ndlll 
site of p35S:a/cfl yielding the construct a\c-dsCh! I. An 804-bp 
fragment of /v. tabacum GS4(H6fgen eta/., 1994; GenBank Acces- 
sion number X65974) comprising nucleotides 298-1101 of the 
respective cDNA clone, was amplified by PGR and manipulated 
as described above to form plasmid a\c-dsGSA 

To obtain constructs for ethanol-inducible antisense RNA 
expression, the same fragments as used before were linked in 
reverse orientation to the chimeric aIcA promoter, and the entire 
cassette was subsequently ligated into p3SS:alcR as above. 

Transformation of tobacco plants by Agrobacterium-mediated 
gene transfer using A tumefaciens strain G58G1:pGV2260 was 
carried out as described previously by Rosahl et al., (1987). 

Gonstructs and biomaterials concerning the ethanol-inducible 
system are available for academic research purposes subject to 
satisfactory completion of a material transfer agreement with 
Syngenta. For further information, contact the Licensing Manager, 
Syngenta; Jeallots Hill International Research Genter, Bracknell, 
Berkeshire RG42 BEY, UK. 



Ethanol induction 

Plants (42 days old) cultivated in the greenhouse in 2.5-1 pots were 
induced with 100 ml of 1% (vA/) ethanol solution via root drench- 
ing. Normal watering was resumed after application. Samples for 
RNA, chl, and protein analysis were taken at various time points 
indicated in the section under Results. If not otherwise stated, 
young leaves, being approximately 5 cm at the time point of 
induction, were followed over the time course of the experiment. 
For spatial induction, an individual leaf was enclosed in a 
15 cm X 10 cm transparent plastic bag with 3 ml of 4% (v/v) etha- 
nol as described previously by Sweetman et al., 12002). The bag 
was removed after 48 h and phenotype development was mon- 
itored by eye. 



RNA analysis 

Total RNA was extracted from tobacco leaf material as described 
by Logemann et al., (1987), and 30 ^g per sample was separated 
on a 1.5% (w/v) formaldehyde-agarose gel using conditions 
described by Sambrook etal., (1989). After electrophoresis, RNA 
was transferred to a nitrocellulose membrane (GeneScreen, NEN 
Life Science Products, Boston, USA) and fixed by UV cross-linking. 
Filters were pre-hybridized, hybridized, and washed essentially as 
described by Sweetman etal., (2002). GSA and Chl I transcripts 
were detected using a random-primed [^^Pl-labeled cDNA frag- 
ment. 



Protein analysis 

Protein extracts were prepared by homogenization of leaf material 
in a buffer containing 25 mM HEPES, pH 7.0, 12 mM MgClj, 
0.5 mM EDTA, 8 mM DTT, 10 jiM PMSF, 0.1% Triton, and 10% 
glycerol. Protein content was determined according to Bradford 
(1976), After heat denaturation, 30 [ig of total protein was sub- 
jected to electrophoresis on a 10% (wA') SDS-polyacrylamide gel 
and subsequently transferred onto nitrocellulose membrane (Por- 
ablot, Macherey und Nagel, Duren, Germany). Immunodetection 
was carried out using the EGL kit (Amersham Pharmacia Biotech, 
Freiburg, Germany) according to the manufacturer, using a rabbit 
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anti-GSA primary antibody {kindly provided by Dr Bernhard 
Grimm, Humboldt University, Berlin, Germany) and peroxidase- 
conjugated secondary antibody {Pierce, Rockford, lU USA). 

Clilorophyll determination 

Chlorophyll was measured in ethanol extracts and concentrations 
were determined as described by Lichtenthaler (1987). 
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Abstract Oilseed rape {Brassica napus L.) genotypes 
with no or small petals are thought to have advantages 
in photosynthetic activity. The flowers of field-grown 
oilseed rape form a bright-yellow canopy that reflects 
and absorbs nearly 60% of the photosynthetically ac- 
tive radiation (PAR), causing a severe yield penalty. 
Reducing the size of the petals and/or removing the 
reflecting colour will improve the transmission of PAR 
to the leaves and is expected to increase the crop 
productivity. In this study the *hairpin' RNA-mediated 
(hpRNA) gene silencing technology was implemented 
in Arabidopsis thaliana (L.) Heynh. and B. napus to 
silence B-type MADS-box floral organ identity genes 
in a second-whorl-specific manner. In Arabidopsis, 
silencing of B-type MADS-box genes was obtained by 
expressing B. napus APETALA3 (BAPS) or PISTIL- 
LATA (BPI) homologous self-complementary hpRNA 
constructs under control of the Arabidopsis A-type 
MADS-box gene APETALAl {API) promoter. In B. 
napus, silencing of the BPI gene family was achieved 
by expressing a similar hpRNA construct as used in 
Arabidopsis under the control of a chimeric promoter 
consisting of a modified petal-specific Arabidopsis APS 
promoter fragment fused to the API promoter. In this 
way, transgenic plants were generated producing male 
fertile flowers in which the petals were converted into 
sepals {Arabidopsis) or into sepaloid petals {B, napus). 
These novel flower phenotypes were stable and heri- 
table in both species. 
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Introduction 

Flowers of oilseed rape (Brassica napus) have four well- 
developed bright-yellow petals. During flowering time, 
flowers form a very bright-yellow layer that reflects and 
absorbs solar radiation. As consequence, only 24% of 
the photosynthetically active radiation (PAR) reaches 
the leaf canopy (Chapman et al. 1984). This accelerates 
leaf and bract senescence, reduces dry matter accumu- 
lation, and lowers seed set (Daniels et al. 1986). 

A few strategies to improve the photosynthetic effi- 
ciency of oilseed rape by utilising difi"erent apetalous 
variants (Buzza 1983; Jiang and Becker 2003) or the 
stamenoid petal (stap) variant with flowers bearing 
staminoid petals (Fray et al. 1997) have been proposed. 
Physiological analyses have revealed the potential ben- 
efit of such a petalless flower phenotype on B. napus 
yield (Rao et al. 1991; Fray et al. 1995). 

The currently used apetalous genotypes are con- 
trolled either by two recessive genes (Fray et al. 1996) or 
by an interaction of cytoplasmic genes and two pairs of 
nuclear genes (Jiang and Becker 2003). This genetic 
complexity makes it difficult to fully implement the 
apetalous trait into commercial rapeseed varieties. 
Additionally, the apetalous character appears to be 
unstable under field conditions at high temperatures and 
in long days (Rao et al. 1991). The B. napus stap variant 
also possesses poor agronomic attributes, such as 
deformed leaves and poor vigour (Fray et al, 1997), 

A more promising strategy to improve PAR trans- 
mission in oilseed rape would be the use of a single 
dominant gene that converts the bright-yellow petals 
into small non-light reflecting structures such as sepals. 
Such an organ conversion is preferable over the removal 
of the petals to avoid interfering with insect pollination. 
Pierre et al. (1996) have shown that honeybees, the main 
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pollinators on oilseed rape, do not crawl over the an- 
thers and stigma of apetalous flowers as they do in 
petalous ones but often insert their tongues between the 
sepals to collect the nectar. In this way pollination might 
be reduced, resulting in a lower seed set. 

The molecular mechanisms governing floral organ 
identity are well understood. According to the "A-E" 
model, the organ identity of each floral whorl is deter- 
mined by a unique combination of four organ identity 
activities, called A, B, C and E (Weigel and Meyerowitz 
1994; Pelaz et al. 2000; Jack 2001; TheiBen 2001; Fig. 1). 
Expression of the (A)-type genes specifies sepal forma- 
tion. The combination of (A + B + E) activities spec- 




1 2 3 4 4 3 2 1 

Fig. la-d Experimental strategy, a Representation of the basic 
construct used in this study. A DNA fragment of a 3'-coding region 
of a B-type MADS-box gene (yellow box) was sub-cloned as an 
inverted repeat (directions are indicated by arrows) with a part of 
the GUS gene or the intron IV2 from gene ST-LSl (Vancanneyt 
et aL 1990) as a spacer {blue box). The constructs were driven by an 
A-type MADS-box gene promoter (green box), b Transcripts 
produced by the construct are predicted to form a hairpin 
structure, c Domains of the A, B, C and E functions and the 
corresponding organ identities in floral whorls in wild-type plants, 
d Domains of the A, B, C and E functions and the corresponding 
organ identities in floral whorls in transgenic plants. In transgenic 
plants, down-regulation of the B-type function in the second whorl 
only leads to development of sepals instead of petals. Numbers 
indicate whorls. Se sepals, Pe petals, St stamens, Ca carpels 



ifies the formation of petals, while combined (B + C + 
E) functions specify stamen formation. Expression of the 
(C + E)-type genes determines the development of 
carpels (Fig. 1). All types of organ identity genes have 
been cloned from Arabidopsis. An example of the A-type 
gene is API (Mandel et al. 1992). The B-type genes are 
APS (Jack et al. 1992) and PI (Goto and Meyerov^itz 
1994), and the C-type gene is AGAMOUS (AG) 
(Yanofsky et al. 1990). The E-function is provided by 
three SEPALLATA genes (Pelaz et al. 2000). All these 
genes are transcription factors belonging to the MADS- 
box gene family. 

In this paper, silencing of the B-type MADS-box 
genes in a second-whorl-specific manner was obtained in 
both Arabidopsis and B, napus flowers by expressing a B. 
napus B-type gene hpRNA construct under control of an 
Arabidopsis A-type MADS-box gene promoter (Fig. 1). 
In this way, Arabidopsis lines with double sepaloid 
flowers and B. napus lines with flowers in which petals 
are converted into sepaloid petals were generated. The 
novel flower phenotypes were stable and heritable in 
both species. 



Materials and methods 

Plant material 

Arabidopsis thaliana (L.) Heynh. ecotype C24, kindly provided by 
Dr. M. Van Lijsebettens (VIB, Gent, Belgium), and the double 
haploid Brassica napus L. line cv. Simon (Bayer Bioscience N.V., 
Gent, Belgium) were used in this study. 



Plasmid construction 

The 3'- coding regions of the BAPS and BPI genes were cloned by 
means of RT-PCR performed on total RNA isolated from B. napus 
flower buds. RT-PCR was performed according to the protocol of 
the Superscript First-Strand Synthesis System for RT-PCR (Invi- 
trogen). APS cDNA-specific primers: 

- 5'-CGCACTCAGATTAAGCAGAGGC-3' and 

- 5'-GGAAGGTAATGATGTCAGAGGC-3' 

and PI cDNA-specific primers: 

- 5'-GGGAGAAGATATACAGTCTCTCAAC-3' and 

- 5'-GAATCGGTTGCACTCTATATCC-3' 

were chosen based on the published sequences (Jack et al. 1992, 
GenBank Accession D30807; Goto and Meyerowitz 1994, Gen- 
Bank Accession M86337). In the pAPl::hpBAP3 construct, one of 
the 5.4 Pi-specific DNA fragments, 380-bp in length, was cloned as 
a inverted repeat with the ^-glucuronidase (GUS) fragment con- 
taining nucleotides 744-975 as a spacer. In the pAPl::hpBPI con- 
struct, one of the BP/-specific fragments, 255-bp in length, was 
cloned as an inverted repeat with the intron IV2 from the potato 
light-inducible tissue-specific gene ST-LSl, 251 -bp in length, as a 
spacer (Vancanneyt et al. 1990). In the pAPl::hpBAP3 and 
pAPl::hpBPI constructs, gene-specific structures were driven by a 
1,182-bp fragment of the API promoter. The fragment of the API 
promoter (-1182 to +1) was cloned by means of PCR from 
pKY65 plasmid kindly provided by Martin Yanofsky. In pAAP3- 
APl::hpBPI fragments of the AP3 promoter, containing nucleo- 
tides -727 to -556 and -224 to -1 were cloned by PCR based on 
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the published sequence (Irish and Yamamoto 1995, GenBank 
Accession U30729) and linked to the 5'-end of the API promoter. 
Plasmid constructs were introduced into Agrobacterium tumefac- 
tens strain C58Clrif by electroporation. 

Plant transformation 

The transformations of A. thaliana and B. napus were essentially 
done as described by Valvekens et al. (1992) and De Block et al. 
(1989), respectively. 

Cytology 

The embedding was done in Historesin as advised by the manu- 
facturer (Leica, Heidelberg, Germany). Sections 5 ^m thick were 
stained with 0.05% toluidine blue. 



In situ hybridization 

Embedding in methacrylate, sectioning, and the removal of the 
plastic were essentially done as described by Baskin et al. (1992). 
The in situ hybridizations on 7-|im sections were essentially done as 
described by De Block and De Brouwer (1993). 

Microscopy 

Sections were examined with an Axioplan (Zeiss, Jena, Germany) 
microscope equipped with Normaski differential interference con- 
trast. 



Spectrophotometric determination of chlorophyll 

The total chlorophyll {a + b) content was measured as described 
by Bruisma (1963). 



Results 

General strategy: silencing the B-type MADS-box 
genes in a second floral whorl-specific manner 

To convert petals into sepals without interfering with 
anther development, the strategy outlined in Fig. 1 was 
used. Following the A-E flower development model it is 
expected that silencing of a B-type MADS-box gene, 
AP3 or PI, in the second whorl will redirect the devel- 
opment of petals into sepals. This could be obtained by 
expressing in the second, but not in the third whorl self- 
complementary 'hairpin' RNA (hpRNA) constructs 
containing AP3- and/or P/-specific sequences. Down- 
regulation of the B-type MADS-box genes in the third 
whorl has to be avoided to maintain normal male fer- 
tility. For this purpose an A-type promoter driving the 
expression of the hpRNA construct could be used. 

Starting from the PI and APS sequences (Jack et al. 
1992; Goto and Meyerowitz 1994), we identified in the 
amphidiploid B. napus five ^PJ-like {BAP3) and three 
P/-like (BPI) genes that were actively expressed during 
flower development (data not shown). Fragments of the 
3'-coding region of the BAPS and BPI genes were 
isolated. The nucleotide sequence similarity between 



members of the same B-type MADS-box gene subfamily 
turned out to be on average 95%. Each B. napus gene 
subfamily shared with its unique Arabidopsis counter- 
part about 91% sequence similarity, containing multiple 
blocks of more than 20 bases of perfect homology. This 
high sequence similarity should be sufficient to silence 
the target genes in both Arabidopsis and B. napus by 
using the same hpRNA constructs (Helliwell and 
Waterhouse 2003). The feasibility of the strategy to 
convert petals into sepals by silencing the B-type 
MADS-box genes only in the second floral whorl was 
first evaluated in the model plant Arabidopsis thaliana. 



Generation of Arabidopsis transgenic lines 
with male fertile double sepaloid flowers 

To make constructs that produce hpRNA B-type 
MADS-box gene transcript, the 3'-coding regions of one 
BAPS and one BPI gene, were subcloned as an inverted 
repeat (see Materials and methods). Both hpBAP3 and 
hpBPI gene-specific sequences were driven by a 1.1 -kb 
promoter fragment of the Arabidopsis API gene. The 
resulting pAPl::hpBAP3 and pAPl::hpBPI constructs 
were introduced separately into Arabidopsis. 

A total of 125 pAPl::hpBAP3 and 56 pAPl::hpBPI 
transgenic lines was generated. All the plants were nor- 
mal in terms of vegetative growth while they had mor- 
phological changes in flower organs. 16.9% of the 
pAPl::hpBPI and 5.6% of the pAPl::hpBAP3 lines 
exhibited the desirable double sepaloid phenotype 
(Fig. 2b). Instead of petals, sepals developed in the 
second floral whorl, indistinguishable from those of the 
first whorl except for their slightly smaller size. Despite 
their transformation, these organs developed in the 
positions and on a time course characteristics of petals. 
Some other pAPl::hpBAP3 To plants had a range of 
phenotypes related to the severity of homeotic trans- 
formations observed in petal and stamen development. 
10,4% of the pAPl::hpBAP3 lines produced flowers 
with short white petals and 20% of the lines had 
homeotic aberrations in stamens ranging from weak 
carpelloidy to complete transformation of stamens into 
carpels (Table 1). In contrast to the pAPl::hpBAP3 
lines, no aberrations in the third floral whorl were ob- 
served in the pAPl::hpBPI transgenic plants (Table 1). 

Microscopic analysis of cross-sections of mature 
pAPl::hpBPI double sepaloid flowers revealed that the 
mesophyll cells of the second-whorl organs were sepal- 
oid in nature, as indicated by the presence of chlorop- 
lasts and their larger size than those normally found in 
wild-type petals. The abaxial epidermis was like that 
of sepals, consisting of stomata and irregularly shaped 
cells (Fig. 2d). The same results were obtained for 
pAPl::hpBAP3 double sepaloid flowers (data not 
shown). 

To confirm that the double sepaloid phenotype of 
Arabidopsis transgenic plants was caused by depletion of 
expression of endogenous B-type homeotic genes in the 
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second whorl, the PI mRNA expression pattern in 
pAPl::hpBPI was examined by in situ hybridization. In 
wild-type Arabidopsis flowers, PI mRNA is detected 



Fig. 2a-f Analysis of the double sepaloid pAPl::hpBPI Arabidop- 
sis thaliana flowers, a C24 Arabidopsis wild-type mature flower, b 
Mature transgenic flower. Second-whorl organs are sepals {arrow) 
that are slightly smaller than the true sepals, c, d Cytological 
transverse sections taken approximately in the middle of anthers of 
flower buds at stage 12. c Cellular morphology of first- and second- 
whorl organs of a wild-type flower. Mesophyll cells of the 
second-whorl petals are smaller than those of sepals developed in 
the first whorl. Abaxial epidermal cells of petals are regular in 
shape, d Cellular morphology of first- and second-whorl organs of 
a transgenic flower. Mesophyll and epidermal cells of the second- 
whorl organs are slightly smaller in size than cells of the first-whorl 
sepals. The shape of the cells of the second-whorl sepals is similar 
to those of the first-whorl sepals. Stomata {arrows) are present in 
the abaxial epidermis of the second-whorl organs as in normal first- 
whorl sepals, e, f In situ analysis of PI expression in transverse 
sections of wild-type and transgenic flowers. The hybridisation 
signal is confined to the second- and the third-whorl organs in wild- 
type flowers (e). In transgenic flowers (f) PI expression is detected 
in the third-whorl organs only. Numbers indicate whorls. Bars — 
50 ^m (c, d, f), 100 urn (e) 

from stage 3 (Smyth et al. 1990) in second- third- and 
fourth-whorl primordia. In the second and third whorls 
it persists until anthesis (Goto and Meyerowitz 1994). In 
pAPl::hpBPI double sepaloid flowers the PI transcript 
was not detectable in the second-whorl primordia at any 
of the stages examined (Fig. 2f). Expression of PI in 
developing stamens was similar to that observed in the 
wild type. 

As it has been shown that expression of both PI and 
APS genes is reduced when either the PI or APS gene is 
mutated (Jack et al. 1992; Goto and Meyerowitz 1994), 
we anticipated that inhibition of expression of one of the 
B-type MADS-box genes in a tissue where both genes 
are active would lead to reduction of expression of the 
counterpart gene in the same manner. To verify this 
hypothesis, in situ hybridization of the pAPl::hpBPI 
flowers using the j5^Pi-specific fragment as a probe was 
performed. As was predicted, APS RNA was not de- 
tected in the second whorl of developing organs. How- 
ever, no reduction in the level of the APS mRNA was 
observed in stamens (data not shown). 

Heritability and stability of the double sepaloid trait 
was tested by self-pollination. The trait was heritable and 
in the case of pAPl::hpBPI stable through the T| and T2 
generations. In the case of pAPl::hpBAP3 some Ti and 
T2 lines produced flowers with homeotic aberrations in 
stamens, as previously observed in the To plants. 



In B. napus, silencing of B-type MADS-box genes 
in the second whorl results in the transformation 
of petals into sepaloid petals 

To evaluate whether the expression of the pAPl::hp- 
BAP3 and pAPl::hpBPI genes would also result in a 
double sepaloid phenotype in B. napuSy 48 and 53 
transgenic lines, respectively, were generated. 

All the pAPl::hpBAP3 lines had wild-type flowers. 
Among the pAPl::hpBPI transgenic lines, 22.6% 
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Table 1 Phenotypic analysis of 
To Arabidopsis thaliana plants 



^Range of aberrations in 
stamens from mild to complete 
conversion of stamens into 
carpels 



1 IdllalUlIllCU 


Total niimHpr nf 

transgenic lines 


Plants with mutant phenotype (%) 




constructs 


Double sepaloid Double sepaloid 
Fertile Partially male sterile^ 


Short petals 
Fertile 


pAPl::hpBPI 
pAPl::hpBAP3 


56 
125 


16.9 <2 
5.6 20 


18.9 
10.4 



exhibited an apetalous or partially apetalous phenotype 
characterised by the appearance of flowers without 
petals or bearing 1, 2 or 3 petals only (Table 2). Fre- 
quently, the petals were significantly smaller and nar- 
rower than those from wild type (data not shown). 
However, this phenotype was unstable and not heritable. 

The absence of the double sepaloid phenotype in 
transgenic B. napus lines with the same constructs used 
in Arabidopsis could be due to an inability of the Ara- 
bidopsis API promoter to direct transcription of ade- 
quate amounts of double-stranded transcripts necessary 
to trigger silencing of all target BAPS or BP I genes ex- 
pressed in rapeseed flowers. Starting from this hypoth- 
esis, a new construct was generated that could produce 
higher amounts of hpRNA. Because the pAPl::hpBAP3 
B. napus transgenic plants did not exhibit any pheno- 
types different from those of wild-type plants, and in 
Arabidopsis the most stable double sepaloid flower 
phenotype was obtained with the hpBPI construct, we 
continued only with the hpRNA BPI gene. 

To enhance the level of expression of hpBPI specifi- 
cally in the second whorl, an Arabidopsis modified APS 
regulatory fragment was added to the API promoter. 

Discrete cw-acting elements regulating spatial and 
temporal expression of the Arabidopsis APS gene have 
been identified (Hill et al. 1998; Tilly et al. 1998). Based 
on these data the positive regulator of the APS expres- 
sion during the early stages of flower development was 
combined with the petal-specific regulatory region (see 
Materials and methods). The modified APS promoter 
was introduced in the pAPl::hpBPI construct directly 
upstream of the API sequence. This pAAP3-APl::hpBPI 
construct was transformed into B. napus. 

Of the 125 primary transformants, 11.2% produced 
flowers with aberrant second-whorl organs. Of these 
11.2% lines, half (5.6%) produced flowers in which 
petals were converted into sepaloid petals (Fig. 3a, Ta- 
ble 2). These organs were yellowish-green, indicating the 
presence of chloroplasts in their cells that is character- 
istic of wild-type sepals. The size of the sepaloid petals 
was comparable to the size of true sepals. These organs 



were narrow and almost strap-Hke in shape, like sepals, 
but had a small lamina and base, characteristic of a 
petal. In addition the lamina portion was wrinkled 
(Fig. 3a), 

The aberrant B. napus flowers with sepaloid petals 
were analysed microscopically to verify the identity of 
tissues in the second-whorl organs. As shown in Fig. 3c 
the size and the shape of epidermal and mesophyll cells 
of these organs were indistinguishable from the first- 
whorl sepals. Moreover, the mesophyll cells of the 
sepaloid petals contained a large number of chloroplasts 
(Fig. 3d). 

In addition, spectrophotometric analysis of chloro- 
phyll fluorescence, which was done on the first and the 
second floral organs of transgenic plants, revealed that 
chlorophyll content in the sepaloid petals is only 30% 
less than in the true wild-type sepals (data not shown). 

In situ hybridization of flower sections with a BPI- 
specific probe confirmed the absence of a detectable level 
of BPI gene expression in the second whorl of the 
transgenic flowers, indicating that the complete BPI 
gene family was down-regulated (Fig. 3e). 

The other half of the 11.2%) transgenic pAAP3- 
APl::hpBPI lines exhibited partial apetalous and apet- 
alous phenotypes similar to those observed in 
pAPl::hpBPI transgenic plants (Table 2). 



The flower phenotype with sepaloid petals is a stable 
trait in B. napus transgenic plants 

The stability of transformation of petals to sepaloid 
petals in B. napus was tested for six lines, of which the 
original Tq plants had flowers with sepaloid petals and 
contained only one copy the pAAP3-APl::hpBPI trans- 
gene. The To plants were first maintained by selfing. The 
transgenic plants of these Ti generations had flowers 
with sepaloid petals while the azygous segregants had 
normal wild-type flowers. For each line ten transgenic 
plants of the T; generation were backcrossed with the 
original non-transgenic double haploid B. napus line cv. 



Sto V^s^cl^n^^^^ Transformed Total number of Plants with mutant phenotype (%) 

constructs transgenic Imes — 

Sepaloid petals Apetalous/partially apetalous 



pAPl::hpBAP3 

pAPl::hpBPI 

pAAP3-APl::hpBPI 



48 
53 
125 



0 
0 

5.6 



0 

22.6 
5.6 
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Simon. Depending on whether the Ti plant used was 
homo- or heterozygous for the transgene, all or 50% of 
the Fi plants, respectively, had sepaloid petals in their 
flowers. A second backcross was done with 15 plants of 
each line. As expected, in the F2 generations there was a 
1:1 segregation of wild-type plants and plants with 
sepaloid petals. The flower phenotype of the transgenic 
F2 plants was identical to those of the To, T\ and Fi 
transgenic plants. 



Fig. 3a-e Analysis of the pAAP3-APl::hpBPI B, napus flowers, a 
Morphological features Brassica /lapwj flowers: mature wild-type 
flower {left\ mature flower of a transgenic plant (right). The 
second-whorl organs of a transgenic flower are yellowish-green 
sepaloid petals (arrow). The size of these organs is similar to sepals 
developed in the first whorl, but the lamina-base structure can still 
be distinguished (for comparison see the detached organs in the 
bottom right corner: the second-whorl organ (left), the first-whorl 
organ (right) of a transgenic flower), b-d Cytological transverse 
sections taken approximately in the middle of anthers at the early 
yellow bud stage (Smith and Scarisbrick 1990). b Cellular 
morphology of first- and second-whorl organs of a wild-type 
flower. Mesophyll cells of petals are smaller than those of sepals. 
Epidermal cells of petals are regular in shape, c Cellular 
morphology of the first- and second-whorl organs of a transgenic 
plant. The shape and the size of mesophyll and epidermal cells of 
the second-whorl organs are similar to those of the first-whorl 
sepals, d Cytology of a sepaloid petal showing the presence of 
chloroplasts (two examples indicated by arrows) in the mesophyll 
cells, e, f In situ analysis of 5P/ expression on transverse sections of 
wild-type and transgenic flowers. The hybridization signal is 
confined to the second- and the third-whorl organs in wild-type 
flowers (e). In transgenic flowers (f) BPI expression is detected in 
the third-whorl organs only. Numbers indicate whorls. Bars = 
20 \im (d), 100 |im (b, c), 200 ^m (e, f) 



Discussion 

The hpRNA-mediated gene silencing technology has 
been proven to be a very eflftcient tool for gene discovery 
and functional genomics in diverse organisms such as 
fungi (Pickford et al. 2002), nematodes (Bargmann 
2001), and animals (Harborth et al. 2001). In plants this 
technology has been used successfully to generate virus 
resistance (Waterhouse et al. 1998) as v/ell as to obtain 
consistent and profound inhibition of the expression of 
transgenes and endogenous genes (Levin et al. 2000; 
Smith at al. 2000; Wesley et al. 2001; Liu et al. 2002). 

Chuang and Meyerowitz (2000) demonstrated that the 
hpRNA-mediated silencing technology could be used to 
interfere with flower development. A range of aberrant 
flower phenotypes was obtained by down-regulating the 
floral organ genes AGAMOUS, CLAVATA3, APET- 
ALAI, and PERIANTHIA using hpRNA constructs 
driven by the constitutive 35S and nopaline synthase 
promoters. Recently, it has been shown that the hpRNA- 
mediated silencing technique can be used to silence genes 
in an organ-specific way. The fatty acid composition of 
Arabidopsis and cotton seeds was modified by down- 
regulating the seed expression of two fatty acid desatur- 
ase genes using hpRNA constructs driven by seed-specific 
promoters (Liu et al. 2002; Stoutjesdijk et al. 2002). 

In this article we present for the first time to our 
knowledge implementation of the hpRNA-mediated 
technology to silence a multigene family in a floral 
whorl-specific manner. Silencing of the B-type MADS- 
box genes that are present in single copy in Arabidopsis 
but are present in multiple copies in B. napus causes 
complete transformation of petals to sepals in Arabid- 
opsis and partial transformation in B, napus. This flower 
phenotype is stable and heritable in both species. 
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In Arabidopsis, unlike the silencing of the PI gene, 
silencing of the AF3 gene results in homeotic aberrations 
in anthers in 20% of the cases. This implies that in these 
lines partial silencing of the APS gene also occurs in 
developing stamens. These results can be attributed to 
two possibilities. First, in wild-type Arabidopsis flowers 
API is expressed during early floral stages throughout 
all four whorls and is down-regulated in whorls 3 and 4 
by the AG gene during stage 3, persisting in whorls 1 
and 2 only (Mandel et al. 1992; Bowman at al. 1993). 
However, in contrast to the endogenous promoter, the 
smaller API promoter fragment we used might have 
some activity in the central whorls after stage 3 as pro- 
posed by Yun et al. (2002). The activity of the 
pAPl::hpBAP3 gene might have led to down- regulation 
of APS in the third floral whorl. Alternatively, an 
aberrant stamen development in the pAPl::hpBAP3 
transgenic plants might be the result of the spreading of 
a silencing signal between floral whorls. 

Both hypotheses imply that a certain amount of 
dsRNA of the APS gene present in the third whorl 
of transgenic flowers is sufficient to trigger silencing of 
APS. This is not the case for the PI gene, for which the 
down-regulation did not result in aberrant anther phe- 
notype. PI and APS are both expressed in developing 
petals and stamens. However PI expression levels are 
similar in both whorls, whereas APS expression is lower 
in developing stamens than in petals (Zhou et al. 2002). 
It may be that for this reason a lower threshold con- 
centration of hpRNA is required in stamens to provoke 
a partial inhibition of the APS gene expression. 

Although systemic spreading of silencing may be a 
concern for implementation of the hpRNA-mediated 
silencing technology in tissue-specific applications in 
plants (Wang and Waterhouse 2002), the stability of the 
aberrant flower phenotype throughout development of 
our transgenic plants indicates that at least in the case of 
the B-type MADS-box genes there is no significant 
spreading of silencing between the meristems of adjacent 
floral organs. 

Another phenomenon that might limit application 
of the hpRNA gene silencing technique is spreading of 
RNA targeting. During this process spreading of the 
RNA silencing signal occurs from the initial target 
sequence into the adjacent 5' and 3' regions (Jones 
at al. 1999; Vaistij at al. 2002). This may result in the 
participation of the entire transcribed region of the 
target gene in the RNA silencing process. As a con- 
sequence, expression of other homologous genes can 
be inhibited. Based on this hypothesis and the fact that 
different types of MADS-box genes share a high per- 
centage of homology at the MADS-box regions 
(Purugganan et al. 1995), target-site spreading along 
the APS or PI transcribed sequences would led to 
silencing of not only APS and PI but also of other 
MADS-box genes that are expressed in the developing 
second-whorl organs. In this case petals will be con- 
verted not only into sepals but also into organs with 
staminoid and/or carpeloid and/or other aberrant 



structures. The absence of such phenotypes in our 
transgenic plants suggests that silencing of B-type 
MADS-box genes was not associated with the 
spreading of RNA targeting. The absence of the tar- 
get-site spreading process was also observed by Vaistij 
et al. (2002) for the ribulose-l,5-bisphosphate carbox- 
ylase/oxygenase and phytoene desaturase genes. These 
results demonstrate that the hpRNA-mediated gene 
silencing technology can be applied not only to silence 
all genes of a multigene family but also to silence 
specifically a single member of a subfamily or even of 
a multigene family. 

B. napus plants transformed with the improved 
pAAP3-APl::hpBPI construct have small yellowish- 
green sepaloid petals in the second whorl. Although 
mesophyll and epidermal cells of these sepaloid petals are 
sepaloid in morphology, the light-yellow colour suggests 
that some petal-specific biochemical pathways are still 
active in the cells of these organs. In addition, the small 
lamina and base of these organs are petal characteristics. 
It might be that undetectable levels of BPI transcripts are 
still sufficient for maintenance of some petaloid features. 

Recently, in Arabidopsis an alternative approach was 
used to interfere with the expression of APS in a second- 
whorl-specific manner (Guan et al. 2002). A zinc finger 
protein designed to bind to a region upstream of APS 
was fused to the human transcriptional repression do- 
main of mSIN3. When the API promoter was used to 
drive the expression of this artificial zinc finger tran- 
scription factor, flowers were obtained that were par- 
tially apetalous or that contained some sepaloid petals. 
Although the use of synthetic transcription factors is a 
promising approach to interfere with gene regulation, 
high expression levels of these transcription factors are 
probably needed to obtain a full phenotype by gene 
repression. Due to technical limitations the use of such 
artificial transcription factors is less feasible when mul- 
tiple genes with redundant function, like the B-type 
MADS-box genes in B. napus, have to be repressed. 

Theoretically, in Arabidopsis a double sepaloid flower 
phenotype may also be obtained by silencing the SEP- 
ALLATA genes in the second whorl (Fig. 1). However, 
due to the redundant function of the SEP ALLATA 
genes, all three genes would have to be silenced together 
(Pelaz et al. 2000). 

In conclusion, Arabidopsis and B, napus lines with a 
flower phenotype that is, respectively, double sepaloid or 
has sepaloid petals, and that is male fertile and stable in 
subsequent generations can be obtained by a hpRNA- 
mediated gene silencing of the PISTILLATA gene 
exclusively in the second floral whorl. Further physio- 
logical studies of B. napus transgenic lines will allow 
quantification of the effect of the flower architecture 
with sepaloid petals on the distribution of PAR and on 
other important agronomic features such as pollination 
and overall seed yield. 
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Abstract 

Double-stranded RNA induces sequence-specific inhibition of gene expression at a posttranscriptional level in eukaryotes 
(RNAi). This natural phenomenon has been developed into a tool for studying gene function in several model organisms, including 
Drosophila melanogaster. Transgenes bearing inverted repeats are able to exert an RNAi effect in Drosophila, but cloning diflaculties 
and inconsistent silencing complicate the method. We have constructed a transgene containing inverted repeats separated by a 
functional intron such that mRNA produced by the transgene is predicted to form loopless hairpin RNA following splicing. A single 
copy of the transgene effectively and uniformly silences expression of a target gene {white) in transgenic flies. We have developed a 
vector that is designed to produce intron-spliced hairpin RNA corresponding to any Drosophila gene. The vector is under control of 
the upstream activating sequence (UAS) of the yeast transcriptional activator GAL4. The UAS/GAL4 system allows hairpin RNA 
to conditionally silence gene expression in Drosophila in a tissue-specific manner. Moreover, the presence of the intron spacer greatly 
enhances the stability of inverted-repeat sequences in bacteria, facilitating the cloning procedure, 
© 2003 Elsevier Science (USA). All rights reserved. 



1, Introduction 

The sequencing of the Drosophila melanogaster ge- 
nome provides an exceptional opportunity to analyze 
the different functions governed by its genes [1]. Tradi- 
tionally, genes are characterized by loss-of-function 
phenotypes caused by mutations that are induced ran- 
domly by chemical, physical, or insertional mutagenesis. 
The annotated sequence of the Drosophila genome 
enables reverse-genetic approaches to be used on a ge- 
nome-wide scale to generate loss-of-function pheno- 
types. Targeted gene knockouts have recently been 
described in Drosophila [2,3], but this approach is la- 
borious and does not allow for conditional silencing of 
gene expression. 

Recently, RNA interference (RNAi) has been dem- 
onstrated to be an effective reverse-genetic approach to 
generating loss-of-function phenotypes. The presence of 
double-stranded RNA (dsRNA) causes the sequence- 
specific posttranscriptional silencing of a corresponding 
gene in a variety of organisms [4], Thus, RNAi is used to 
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inactivate genes of interest and provides a powerful tool 
to study gene function. Injection of dsRNA into Dro- 
sophila embryos silences gene activity effectively, but its 
effect is transient and is not inherited in the next gen- 
eration [5,6], To overcome this problem, methods have 
been developed to express dsRNA stably in transgenic 
Drosophila. Most of these methods employ transgenes 
having an inverted-repeat (IR) configuration, which are 
able to produce dsRNA as extended hairpin RNA [7- 
10]. An alternative method has used a transgene that is 
symmetrically transcribed from opposing promoters 
[11]. A general problem with these methods is that 
transgenic lines often induce a variable RNAi silencing 
effect that exhibits incomplete penetrance and expres- 
sivity. Consequently, the copy number of silencing 
transgenes usually needs to be increased to observe 
uniform and complete gene silencing. Moreover, it is 
often difficult to make stable recombinant plasmids 
containing IRs in Escherichia coli. Introduction of a 
spacer sequence between the repeats helps stabilize some 
recombinant plasmids,- but there are still significant re- 
ported stability problems. 

In this paper, we describe an IR-based transgene 
designed such that the repeats are separated by a func- 
tional intron and thus are defined exons. We report that. 
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in Drosophila, the transgene is a powerful repressor of 
gene activity in vivo, with one copy of the transgene 
exerting uniformly strong silencing. We further describe 
a modular system combining GAL4-regulated gene ex- 
pression with conditional production of the silencing 
dsRNA to allow systematic RNAi in Drosophila using 
IR exons. With this system, inhibition of gene activity is 
flexibly induced in any spatial or temporal pattern, al- 
lowing for precise disruption of gene function. This 
technique could potentially be a powerful and eco- 
nomical approach to studying gene function in Dro- 
sophila and to manipulating gene function in specific 
tissues of postembryonic individuals. 

2. First-generation transgenic RNAi in Drosophila 

We initially developed a method to express dsRNA as 
extended hairpin-loop RNA [10]. Its design was mod- 
eled on the successful application of hairpin RNAs in 
generating RNAi in plants and the nematode Caenor- 
habditis elegans by expression of transgenes with IR 
sequences. To facihtate cloning of IRs into recombinant 
plasmids, we placed a 5-base nonpalindromic sequence 
centered at the axis of dyad symmetry that was a 5^1 
site, GGCC ATCTA GGCC (Fig. 1). This allowed us to 
easily ligate gene fragments together in inverted orien- 
tation, and it increased the stability of the IR DNA 
during plasmid replication. Sequence repeats are often 
deleted in E. coli because cruciform intermediates form 
during replication of plasmid DNA and are excised by 
the sbcBC gene products. Insertion of nonrepetitive se- 




Enhancer Trap GAL4 



quence greater than 4 bp in length between IRs inhibits 
cruciform excision during replication [12]. Recombinant 
plasmids were replicated in a recombination-deficient 
strain. No strain is guaranteed to propagate all re- 
combinant clones, but the SURE strain (Stratagene) is 
deficient in recBC sbcBC and eliminates all known re- 
striction systems. Other strains we used were JM103 and 
JM105, which are also mutant for sbcBC. 

To construct an IR transgene, the IR fragment is first 
cloned into a generic high-copy plasmid vector such as 
pBluescript (Stratagene) by directional EcoRl-Xhol 
two-way ligation. Stable recombinants are selected, and 
then the IR fragment is shuttled from pBluescript into 
the Drosophila transformation plasmid vector pUAST 
[13]. We found it more difficult to directly clone IR 
fragments made in vitro into pUAST, which we cir- 
cumvented by shutthng the fragment first through 
pBluescript. On the 5' side of the multicloning site, 
pUAST contains a Drosophila promoter linked to 
GAL4-responsive upstream activating sequence (UAS) 
enhancer repeats and on the 3' side of the multicloning 
site, pUAST contains a polyadenylation signal se- 
quence. Recombinant plasmids are then injected with 
helper plasmid into Drosophila embryos and transfor- 
mant flies are generated by standard P element trans- 
formation [14]. Cloning the IR into a UAS vector 
allowed us to use the modular design of the GAL4AJAS 
system in Drosophila for misexpressing transgenes. 
Many useful lines of Drosophila express the yeast GAL4 
protein in a variety of cells/tissues at various stages of 
the fly life cycle [13]. GAL4 acts as a sequence-specific 
transcription activator in Drosophila, The GAL4 line is 
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Fig. 1 . First-generation transgenic RNAi. Inverted repeats are made by head-head or tail-tail ligation through a Sfil site, which is introduced at one 
end of each repeat. The inverted repeat is placed downstream of the upstream activating sequence (UAS) promoter, and transgenic lines are made. 
When these UAS lines are crossed to GAL4 driver lines, the Fl heterozygotes contain both GAIA and UAS genes [13]. Tissue-specific expression of 
the inverted repeats by GAL4 protein produces hairpin-loop RNA that is competent to induce RNAi in Drosophila. 
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crossed to a target UAS line carrying a single target P 
element inserted at a unique and random position in the 
genome. The target element carries a GAL4-responsive 
UAS enhancer, and progeny that contain both GAL4 
and UAS elements express the IR sequence in cells ex- 
pressing GAL4. Phenotypes due to the presence of 
hairpin-loop RNA in these cells can then be scored di- 
rectly in flies. The RNAi system takes advantage of two 
very useful techniques in Drosophila: P element trans- 
formation and the modular GAL4/UAS system. The 
modular design makes analysis by RNAi flexible since 
hairpin-loop RNA can be produced in any spatial or 
temporal pattern. Moreover, RNAi is conditional, de- 
pendent on the presence of both UAS and GAL4 ele- 
ments in the same individual. Thus, RNAi that might 
induce lethal or sterile phenotypes is conditionally gen- 
erated in selected flies, and stably inherited Drosophila 
lines carrying the UAS element alone can be propagated 
without deleterious RNAi efl'ect. 

One feature of the target element that was critical for 
the success of this method was that the IR was stable in 
the Drosophila genome. This appears to be the case since 
UAS lines have been maintained in our lab stocks for 2 
years without loss of RNAi potency when crossed with 
GAL4 driver lines. However, two other features of the 
method have proved to be more problematic. First, 
RNAi silencing is frequently variable, with only a frac- 
tion of treated animals exhibiting complete silencing. 
This partial effect is also observed at the level of target 
mRNA abundance in that a pooled population of 
treated animals might exhibit at most a fourfold re- 
duction in mRNA levels. Thus, treated individuals have 
a spectrum of RNAi-induced phenotypes, which makes 
interpretation of gene function somewhat difficult. 
Moreover, there is frequently a variation in the strength 
of RNAi effects between different transformant lines 
carrying the same IR transgene. This is likely due to 
influence of nearby chromosomal modulation of trans- 
gene expression that depends on the point of transgene 
insertion. Since RNAi silencing is not complete, weak or 
strong IR expression translates to a corresponding weak 
or strong silencing effect. A second problem with this 
first-generation RNAi vector has been the variable 
success in cloning IRs from different genes. Some IRs 
are easily cloned even into sbcBC^ bacterial strains. 
However, some IRs have proved recalcitrant to cloning 
in any strain or any plasmid. To date, we have been 
unable to predict which sequences will produce prob- 
lems when cloned as IRs. This makes transgene pro- 
duction a somewhat empirical trial-by-error process, 

3. Transgenic RNAi with inverted exon repeats 

The problems with the first-generation vector in- 
spired us to devise a new approach to produce hairpin 



RNA in vivo. It was reported that intron-spliced hairpin 
RNA can induce gene silencing in plants more eflSciently 
than standard hairpin-loop RNA [15]. In a sense, the 
inverted repeats are structural and functional exons. The 
nonpalindromic intron sequence may also provide sta- 
bility to the DNA construct with inverted repeats in 
bacteria. This led us to test an RNAi construct con- 
taining inverted repeats separated by an intron se- 
quence, from which loopless hairpin dsRNA is predicted 
to be produced following splicing in Drosophila (Fig. 2). 
As a proof-of-principle demonstration of its effective- 
ness, we decided to test the approach on silencing the 
white gene. 

The Drosophila white gene encodes an ABC trans- 
porter involved in locaUzing pigments to eye pigment 
granules [16]. The white gene was chosen because ex- 
pression can be easily monitored phenotypically by 
changes in eye color. A white'^ eye is dark red in color 
while the eye of a null white mutant is completely white 
in color (Fig. 3). Since cloned variants of white are 
routinely used in Drosophila transformation vectors as 
the selectable marker for transformation of white mu- 
tant flies, we adopted an opposing transformation 
strategy. That is, we constructed a transformation vec- 
tor with a white IR but no independent marker gene for 
selecting transformants. We then transformed white^ 
flies with the vector and selected transformants that had 
a white loss-of-function phenotype. If an inserted white 
IR transgene successfully silenced its endogenous target 
gene, the transformant would be white-eyed. 

The 74-nucleotide second intron of the white gene 
bears all features of a consensus Drosophila intron, and 
it was found to eflftciently splice in Drosophila embryonic 
extracts in vitro [17,18]. Since white is normally not ex- 
pressed in embryos, this result indicates that the intron 
can be spliced in heterologous tissues. Thus, we chose 
the second intron to separate inverted repeats of white 
coding sequence in our model transgene. 

The 629-bp third exon of white was chosen to be the 
inverted sequence in the transgene that would mediate 
the RNAi effect. The third exon was amplified by PGR 
with unique Pstl and EcoKl sites, and it was hgated in 
inverted orientation upstream of a 703-bp fragment 
containing the white second intron and third exon 
(Fig. 2). The tail-to-tail repeat was placed into the 
pGMR transformation vector plasmid [19]. pGMR 
drives expression of transgenes specifically in the de- 
veloping and adult compound eye by virtue of the eye- 
specific GMR promoter. This ensured that the white IR 
transgene would be expressed only in the same cells that 
normally express the endogenous target white gene. The 
Drosophila consensus sequence for a 5' splice site is 
AG|GTRAGT, where | designates the splice site and R 
indicates A or G [17]. It is noteworthy that the Ugation 
between the two DNA fragments through the Pstl site 
does not change the consensus sequence required for 
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Fig. 2. Scheme for the generation of transgenic RNAi against the Drosophila white gene by intron-spHced hairpin RNA. Inverted repeats corre- 
sponding to the third exon of the white gene and separated by the second intron of the same gene were placed into the pGMR transformation vector, 
A fragment containing the white second intron and third exon was ligated to a fragment containing the inverted white third exon to generate a Pstl 
site at the point of Hgation. Note that the Pstl site is coincident with the 5' splice site but does not disrupt sequences necessary for 5' splice site 
function. The Drosophila consensus sequence for a 5' splice site is shown in parentheses, in which / designates the splice site and R indicates A or G. 
The transgene is under transcriptional control of the GMR enhancer, which is exclusively active in the developing and adult retinal tissue that also 
expresses the endogenous white gene. 



5' splice site recognition (Fig. 2). Since we intended to 
induce RNAi on the endogenous Drosophila white gene, 
an Xhol-Nsil fragment corresponding to the pGMR 
white marker gene was deleted from pGMR. 

Although we transformed hgation products including 
inverted repeats into the SURE strain (Stratagene) of 
E. coli to maximize the stability of the DNA, the repeats 
were also stable in a DH5a strain, possibly as a result of 
the short white second intron sequence contributing to 
the stability of the inverted-repeat sequences. In con- 
trast, attempts at cloning an IR of the white third exon 
separated by a 5^1 spacer into plasmids was repeatedly 
unsuccessful in a variety of host bacterial strains. 

The pGMR-derived plasmid containing the DNA 
fragment for intron-spliced white hairpin RNA was in- 
troduced into the germ line of CantonS flies by P ele- 
ment transformation [14]. From approximately 1500 
injected animals, eight independent transformant lines 
that exhibited a white loss-of-function phenotype were 
established. This transformation frequency is within an 
order of magnitude of the average transformation fre- 



quency using a standard P element vector [14], which 
suggests that white RNAi from the IR transgene acts as 
a reliable marker for transformation. All eight trans- 
formant lines exhibited a yellow to pale-yellow eye color 
phenotype with one copy of the transgene (Fig. 3). 
Moreover, all individual flies from each line exhibited a 
uniform eye color phenotype, indicating strong pene- 
trance and expressivity of the RNAi effect. Only females 
were compared to avoid any effect related to dosage 
compensation of the transgene. No additional or ab- 
normal phenotypes were observed in silenced individu- 
als, indicating that silencing was specific. The effect was 
stably maintained over each adult's lifetime, and si- 
lencing has been maintained over the many generations 
that these lines have so far been kept. Transformant 
adults bearing two copies of the transgene had an eye 
color indistinguishable from that of white null mutants 
(Fig. 3). Levels of white mRNA on a Northern blot were 
reduced in two transformant lines tested compared to 
wild type, to a degree consistent with their eye color 
phenotypes (data not shown). In conclusion, the 
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Fig. 3. Eye color phenotypes of female adults (3-5 days of age) that carry the white intron-hairpin GMR transgene. The top left shows a parental 
CantonS (wild-type white) fly. The lower right shows a w^^'^ null mutant for the white gene. A P[GMR-whiteIR] transformant line designated 13D has 
the transgene on the X chromosome of the parental CantonS strain, whereas the 9C, 1 IF, and 141 lines have the transgene on the third chromosome 
of CantonS. The eye colors of transformants bearing a single copy of the transgene is shown in the top. The bottom shows eye colors of trans- 
formants bearing two copies of the transgene. 



inverted exon repeat of white effectively silences the ex- 
pression of the endogenous white gene in vivo. 



4. A modular and multipurpose transgenic RNAi vector 

Since the RNAi construct bearing an intron strongly 
inhibited white gene expression, we adapted this method 
to create an all-purpose RNAi vector that employs 
spliced hairpin RNA. The vector is derived from the 
pUAST transformation plasmid. This then offers the 
advantages of the GAL4/UAS modular expression sys- 
tem, as outlined earlier. We constructed the vector 
(pWIZ, for white intron zipper) into which gene frag- 
ments can be subcloned upstream and downstream of 
the 74-nucleotide white intron (Fig. 4). The intron is 
flanked by EcoRl, BgUl, Notl, Xhol, Spel, and Avrll 
sites on the 5' side and by Nhel, Mlul, and Xbal sites on 
the y side. The entire cassette is downstream of the UAS 



enhancer-promoter and upstream of the SV40 tran- 
scription termination site. The Avrll and Nhel sites in 
pWIZ conform to the consensus sequences for 5' and 3' 
splice sites, respectively. Thus, any DNA fragment in- 
serted into the Avrll or Nhel site is fully competent to be 
spliced as an exon. Moreover, the Spel, Avrll, Nhel, and 
Xbal sites are unique in pWIZ, providing convenient 
cloning sites for gene fragments. 

To construct an IR transgene using pWIZ, a DNA 
fragment corresponding to the gene of interest is in- 
serted twice into pWIZ, with inserts in opposite orien- 
tations on each side of the intron (Fig. 5). The simplest 
means to insert the DNA is as a PGR fragment. The 
system is designed so that a single PGR fragment de- 
rived from only two PGR primers can be inserted on 
each side of the intron. This is because Spel, Avrll, 
Nhel, and Xbal sites are all hgation-compatible with 
each other. Gonsequently, restriction sites compatible 
with Avrll and Nhel sites should be placed in the PGR 
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CCTAGGTGAGTT TTTGAAACTCAGCTAGC 



AvrW I 5' splice site 3' splice site I '^''^ ' 

(AG/GTRAGT) (TTTYYYYTNCAG/RT) 




Fig. 4. Schematic representation of the pWIZ vector. The pWIZ vector was constructed by placing the 74-bp second intron of the white gene into the 
pUAST transformation vector [13]. The intron is flanked by unique EcoRl, Bglil, Notl, Xhol, Speh and Avrll sites on the 5' side and Nhel and Xbal 
sites on the 3' side to facilitate cloning. The sequences at the junction of the 5' and 3' splice sites in the vector are highlighted, and arrows indicate the 
5' and 3' splice sites. The consensus sequences for 5' and 3' splicing are shown in parentheses: /, the splice site; R, purine; Y, pyrimidine; N, any base. 
Below is shown a restriction map of the pWIZ plasmid. 



primers at their 5' ends. The resulting PCR product will 
then have Avrll- and A^/iel-compatible ends after ap- 
propriate restriction digestion. The RNAi construct is 
made by two sequential insertions of the same PCR 
product into the Avrll and Nhel sites of pWIZ (Fig. 5). 
For efficient digestion, we add an extra 4 nucleotides to 
the 5' side of each primer restriction site. The size of 
amphfied DNA ranges from 500 to 700 bp. Most im- 
portant, we ensure that the sequence does not contain 
any internal restriction sites used in the PCR primers, 
nor should the fragment have sequences in either sense 
or antisense orientation that match either 5' or 3' con- 
sensus splice sites. This latter aspect is important to 



prevent cryptic splicing from disrupting hairpin RNA 
formation. The PCR product is digested with the ap- 
propriate enzyme and ligated into the Avrll site of 
pWIZ. After a clone with the desired orientation of the 
insert is selected by restriction mapping, the same PCR 
product is ligated into the Nhel site of the pWIZ de- 
rivative, and recombinants with the insert in opposite 
orientation to the first are screened and selected. 

We have made five transgenic RNAi constructs for 
genes under study in our laboratory using the pWIZ 
vector. All of these constructs are stable as inverted re- 
peats in E. coli strains such as SURE cells. Moreover, 
they have been introduced into the Drosophila genome 
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Fig. 5. A typical procedure for making a RNAi construct using the pWIZ vector. A DNA fragment corresponding to a Drosophila target gene is 
amplified by PCR. A restriction site (Spel, Avrll, Nheh or Xbal) compatible with Avrll and Nhel should be present at the 5' end of each PGR primer. 
The fragment can correspond to part of an exon, a complete exon, or several contiguous exons. Several criteria should be used in choosing the 
fragment; it should be 500 to 700 bp in length, it should not have internal restriction sites corresponding to the PCR primer sites, and it should not 
have sequences in either sence or antisense orientation that match a 5' or 3' consensus splice site. This latter aspect is critical to prevent cryptic splice 
sites from disrupting proper splicing of the hairpin RNA. As shown, an Xbal site is generated at each end of a PCR-amplified exon for cloning the 
PCR product. The PCR product is inserted twice by two ligation steps into the Avrll and Nhel sites of pWIZ, CIP, calf intestinal phosphatase used to 
dephosphorylate the 5' ends of vector DNA prior to Hgation, Recombinants are selected in the desired orientation, such that after the second hgation 
step, inserts are in opposite orientation on either side of the white intron. IRs that are head-head or tail-tail repeats might be used depending upon 
whether cryptic splice sites are present in the constructs. Transformation follows to generate stable transgenic lines carrying the WIZ gene. Upon 
mating of transgenic animals harboring the WIZ gene with animals carrying tissue- or cell-specific GAM drivers, the Fl progeny produce loopless 
hairpin RNA. This induces RNAi against target genes in tissue- and cell-specific patterns. 



by P element transformation, and all constructs trans- 
formed efficiently to give stable lines. 

5. Concluding remarks 

In conclusion, we have developed transgenic RNAi in 
Drosophila that can be applied to many developmental 
and physiological processes. Hairpin RNA produced 
from a transgene composed of inverted repeats can spe- 



cifically silence gene expression in Drosophila, The pres- 
ence of a spacer between the inverted repeats makes for 
easier cloning but is offset by a weaker silencing activity in 
vivo [8,20]. In plants, using a functional intron as the 
spacer between inverted repeats strongly enhanced si- 
lencing activity of the RNAi transgene [15]. We have 
shown that using a functional intron as a spacer between 
inverted repeats produces strong and uniform RNAi 
silencing in Drosophila. A similar observation has been 
recently noted in Drosophila when inverted repeats 
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composed of cDNA-genomic DNA hybrids are sepa- 
rated by functional introns [21]. We have also described a 
multifunctional RNAi transformation vector (pWIZ) 
containing an intron spacer that makes RNAi simple to 
perform for the following reasons. A single PCR frag- 
ment of a gene is sufficient to construct a targeting vector; 
the inverted repeat sequence need not have splice sites 
present since they are provided by pWIZ; splice sites are 
preserved when the repeat fragments are inserted; the 
intron spacer provides stability to the inverted repeats 
when the plasmid is replicated in E. coli. Once the vector 
is transformed into Drosophila, it is conditionally quies- 
cent until crossed with GAL4-expressing lines. Many 
useful GAL4-expressing lines are available, making the 
RNAi approach adaptable for most studies of Drosoph- 
ila. This method is likely to be very useful for analyzing 
the function of the many Drosophila genes for which no 
loss-of-function mutations are available. Finally, the 
method provides a powerful tool to create loss-of-func- 
tion phenotypes in a manner conditional for particular 
tissues and developmental times. 
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The Cotton ACTIN1 Gene Is Functionally Expressed in 
Fibers and Participates in Fiber Elongation 
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Single-celled cotton fiber (Gossypium hirsutum) provides a unique experimental system to study cell elongation. To 
investigate the role of the actin cytoskeleton during fiber development, 15 G. hirsutum ACTIN {GhACT) cDNA clones were 
characterized. RNA gel blot and real-time RT-PGR analysis revealed that GhACT genes are differentially expressed in 
different tissues and can be classified into four groups. One group, represented by GhACTI, is expressed predominantly in 
fiber cells and was studied in detail. A 0.8-kb GhACTI promoter sufficient to confirm its fiber-specific expression was 
identified. RNA interference of GhACTI caused significant reduction of its mRNA and protein levels and disrupted the actin 
cytoskeleton network in fibers. No defined actin network was observed in these fibers and, consequently, fiber elongation 
was inhibited. Our results suggested that GhACTI plays an important role in fiber elongation but not fiber initiation. 



INTRODUCTION 

Actin cytoskeleton plays an important role in cell morphogenesis 
in plants as demonstrated by pharmacological, biochemical, and 
genetic studies (Kost and Chua, 2002; Mathur and Hiilskamp, 

2002) . The actin cytoskeleton may be involved in the trans- 
portation of organelles and vesicles carrying membranes and cell 
wall components to the site of cell growth as in root hairs, 
trichome cells, and pollen tubes. Therefore, the actin cytoskel- 
eton is essential for cell elongation and tip growth. Disruption of 
the actin cytoskeleton during trichome development by actin- 
interacting drugs resulted in randomly distorted trichomes with 
unextended branches (Mathur et al., 1999; Szymanski et al., 
1999). Similarly, inhibition of F-actin elongation blocked the 
initiation of polar growth and elongation of root hairs (Miller 
et al., 1999). Furthermore, reduction in actin arrays resulted in 
dramatic reduction of root hair length and caused severe bulges 
in the actin2 (act2) mutant and serious retardation of root growth 
in the act7 mutant In Arabidopsis thaliana (Gilliland et al., 2002, 

2003) . Misexpression of the reproductive ACT11 gene in vege- 
tative tissues of Arabidopsis altered morphology of most organs 
in plants because of its effects on the proportion of different actin 
isovariants (Kandasamy et al., 2002). In polarized elongating cell 
types, such as root hairs and trichomes, it is believed that long 
F-actIn cables oriented longitudinally throughout the shank and 
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subapical, and net-axially aligned fine F-actins are essential for 
the intracellular trafficking of organelles and secretory vesicles to 
the growing apical region to deliver new membranous and cell 
wall materials (Mathur et al., 1999; Miller et al., 1999; Szymanski 
etal., 1999; Baluskaetal., 2000; Hepleretal., 2001 ;Chueng eta!., 
2002). The unstable dynamic F-actin cytoskeleton also plays 
a role in localized expansion of root hairs and trichome cells 
(Ketelaar et al., 2003; Mathur, et al.. 2003a). 

The actin cytoskeleton controls polar cell growth through its 
interaction with several actin binding proteins, such as actin 
depolarizing factor (Dong et al., 2001 ; Chen et al., 2002), profilin 
(Clarke et al., 1998), Rho family GTPase (Yang, 1998; Chueng 
et al., 2002; Fu et al., 2002), and the calcium signaling pathway 
(Malho, 1998; Franklin-Tong, 1999; Li et al., 1999). The effective 
regulation of actin turnover by actin regulators may be critical for 
pollen tube growth (Chen et al., 2002, 2003) and for polar cell 
expansion in cell types other than root hair and trichome (Fu et al., 
2002). Recent studies showed genetically that the actin cyto- 
skeleton by interacting with the ARP2/ARP3 complex plays 
a pivotal role in controlling cell shape of trichome cells and 
several other cell types in Arabidopsis (Mathur et al., 2003a, 
2003b). In cotton (Gossypium hirsutum), F-actin has been impli- 
cated in regulating microtubule orientation during fiber develop- 
ment shown by in vitro drug studies (Seagull, 1 990). However, the 
role of the actin cytoskeleton in cotton fiber cell development 
remains largely unknown. 

Actins in plants are encoded by a multigene family that 
comprises dozens or even hundreds of actin genes. In Arabi- 
dopsis, the actin gene family contains 10 distinct members, of 
which eight are functional genes and two are pseudogenes 
(McDowell et al., 1996). In other plant species, the actin gene 
family also appears to have dozens of members (Baird and 
Meagher, 1 987; Thangavelu etal., 1 993; Meagherand Williamson, 
1994). Studies on actin sequences revealed that structural and 
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Figure 1. Comparison of the Predicted Amino Acid Sequences of Cotton GMCf Genes. 

Multiple alignment of amino acid sequences of 15 cotton GMCr genes and yeast YSCACTl. Amino acid substitutions are highlighted in black. Arrows 
indicate tlie positions of the three introns in cotton GMCr genes. GhACTl to GhACTlS were from this work; GhACT16 is a putative actin derived from 
a genomic sequence in GenBank (accession number AF059484). 



functional divergence occurred within the gene family dur- 
ing evolution (McDowell et al., 1996; Meagher at al., 1999a). 
Members of the actin gene family are divergent and differentially 
expressed during plant development. Arabidopsis contains two 
major actin gene classes: a vegetative class that is expressed 
predominantly in leaves, stems, roots, petals, and sepals and 



a reproductive class that is strongly expressed in pollens, ovules, 
and embryonic tissues (McDowell et al., 1 996; Kandasamy et ai., 
1999). The soybean (Glycine max) actin gene family includes at 
least three divergent classes: |x-, k-, and X-actin. The |x-actin 
transcripts are differentially accumulated in leaves, roots, and hy- 
pocotyls. The k- and \-actin proteins are preferentially localized 
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Figure 2. Phylogenetic Relationships of Cotton Actins. 

The rooted gene tree shown is based on nnajority-rule consensus from 500 bootstrap replicates and resulted from heuristic searching In PAUP 4.0, 
based on amino acid sequences of the GhACT genes. Cotton GhACTI to GhACTI 5 actins were from this work; GhACTI 6 Is a putative actin derived 
from a genomic sequence in GenBank (accession number AF059484); YSCACT1 is a yeast actin (accession number L00026) used as an outgroup. 



in roots (McLean et a!., 1 990). In other plant species, such as rice 
{Oryza sativa) and tobacco {Nicotiana tabacum), actin genes also 
appear to be expressed in a tissue-specific manner (McElroy 
et al., 1990; Thangavelu et al., 1993). Although actin genes in a 
few plant species such as Arabidopsis have been well charac- 
terized, our knowledge of cotton actin genes, especially its role in 
fiber development, needs to be explored. 

Cotton fibers, as a premier natural fiber and extensively used 
in the textile industry, are derived from epidermal cells of the 
reproductive organ, the ovule. Approximately 30% of the ovule 
epidermal cells elongate and develop into single-celled fibers at 
anthesis. Each fiber is perhaps the longest single cell in higher 
plants. Its elongation rate and the final length attained are far 



above that of common plant cells (Cosgrove, 1997). Fiber de- 
velopment is a highly regulated process involving four sequential 
stages: fiber initiation, primary cell wall formation, secondary cell 
wall formation, and maturation (Basra and Malik, 1 984). Thus, the 
cotton fiber represents a unique experimental system for study- 
ing the control of cell elongation without the complication of 
cell division and multicellular development (Ruan et al., 2001). 
The study on fiber development not only provides the basic 
understanding of cell differentiation and elongation, but also 
identifies potential target genes for genetic manipulation of 
cotton fiber. Here, we reported the identification and character- 
ization of the actin gene family in cotton and explored its role In 
fiber development using RNA interference (RNAi) technology. 
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Table 1. Primers Used in Gene-Specific RT-PCR of GhACT Genes 
Genes Primers 

GhACTI 5'-GCCTTGAATATTAAATAAATAAAAAAATA-3' 

5'-TTGTGCTCAGTGGGGGTTCAACC-3' 
GhACT2 5'-TGCGCGGAAGTCCTCTTGCAG-3' 

5'-ATTTTGGCAGAAGTTTGACCGCGG-3' 
GhACT3 5'-CGGTTGAATATTAAATAATAATAAGGAC-3' 

5'-TTGTGGTGAGTGGGGGTTCAAGT-3' 
GhACT4 5'-GGGGGAGGGTTGAATATGAAATTG-3' 

5'-TTGTGCTGAGTGGGGGTTCAAGG-3' 
GhACTS 5'-ATTTTGCCAGAAG7TTGACCGCGC-3' 

5'-TGGCGGGAAGTGGTGTTCCAA-3' 
GhACT? 5'-TTAAAGAAAATATAAGAAATAAGGATCA-3' 

5'-GTATGCCAGTGGTCGGAGGACA-3' 
GhACTB 5'-TTAAAGAAAATATAAGAAATAAGCATCA-3' 

5'-GTATGGCAGTGGTGGGAGGGAG-3' 
GhACTB 5'-ATGTTCAACATAAAAGATCATCGGACT-3' 

5'-GATCTATCTTGGCATCACTCAGCA-3' 
GhACTIO 5'-AAGCAGATATTAAATATAATTTGGGTAG-3' 

5'-GGGAAATTGTCGGTGAGATGAAG-3' 
GMC77 / 5'-ACAATAGGTATTGACATTAATGTTTGC-3' 

5'-TTGTGGTGAGTGGGGGTTCAAGT-3' 
GhACT12 5'-AACCAGATATTAAATATAATTTCCGTAG-3' 

5'-GGGAAATTGTCCGTGACATGAAA-3' 
GhACT13 5'-GCCTTGAATATTAAATAATAATAAGCAG-3' 

5'-TTGTGCTCAGTGGGGGTTCAACG-3' 
GhACT14 5'-AAGCAGATATTAAATATAATTTGGGTAA-3' 

5'-ATTGGAGCTGAGAGATTCCGTTG-3' 
GhACT15 5'-ATCTTGAAGATAAAAGATCATCCCACT-3' 

5'-GATCTATGTTGGCATCACTGAGCG-3' 
GhUBi 5'-GTGAATCTTCGGTTTCACGTTATC-3' 

5'-GGGATGCAAATCTTGGTGAAAAC-3' 

The efficiency of each primer pair was detected using GhACT cDNA 
clones as standard templates, and the RT-PCR data were normalized 
with the relative efficiency of each primer pair. 



RESULTS 

Isolation and Characterization of GMCTcDNAs 

To isolate genes Involved in cotton fiber development, we have 
randomly sequenced >300 cDNA clones from a fiber cDNA 
library (Li et al., 2002), Clones, including an actin cDNA. likely 
involved in cell elongation were chosen for further study. Using 
the actin cDNA clone as probe, we further isolated 15 unique 
actin cDNAs (designated GMCT genes; accession numbers in 
GenBank, AY305723 to AY305737) from a cotton cDNA library. 
Sequence analysis predicted that all GhACT genes, except 
GhACTS, encode a 377-amino acid polypeptide. The GhACTS 
encodes an actin containing 378 amino acid residues with a Gin 
insertion at position 151 (Figure 1). The GMCTgenes share high 
sequence homology at nucleotide level (70 to 97% identity) in the 
coding region and at the amino acid level (93 to 99% identity). 
There is only 1 to 7% substitution rate at amino acid level 
compared with each other (Figure 1). In total, 21 charged 
substitutions occurring at 14 charged positions were present in 
GhACTs. Among them, charged amino acids were exclusively 



substituted with uncharged residues at six locations (Arg/Gty, 
Thr or Gin, Asp/Ala, Glu/Gty, His/Leu, or Lys/Trp) and were only 
substituted by a synonymous charged amino acid at other 
positions. The charged amino acids at residues 6 and 292 were 
substituted by either a charged amino acid or an uncharged 
residue (Figure 1), suggesting that these positions may not be 
important for actin structure. While at residue 123, both charged 
and polar uncharged amino acids were present in GhACTs. In 
addition, 11 uncharged amino acids at six positions were 
substituted by a charged residue. Often in this case, Gin was 
substituted by a His and Gly replaced by an Arg. Intriguingly, 
most nonsynonymous substitutions occur only In GhACTI pro- 
tein. For example, positively charged amino acids were 
substituted by a nonpolar, uncharged amino acid at positions 
64 and 103. On the other hand, nonpolar amino acids were 
replaced by positively charged and negatively charged polar 
residues at positions 121 and 253, respectively. At position 213, 
the negatively charged Asp was substituted by a positively 
charged His, suggesting that GhACTI may have a different 
structure and function than other GhACT variants. 

Phylogenetic analysis on amino acid sequences showed that 
the 16 GhACTs available could be divided into nine subgroups 
(Figure 2). Among them, five subgroups contain only a single 
member, and the remaining four subgroups have two to four 
members. Each of GhACTI, GhACT2, GhACTS, GhACTIO, and 
GhACTI 6 forms an independent clade, suggesting that these 
GhACTs diverged early during evolution, whereas GhACT3, 
GhACTS, GhACT6, and GhACTI 2 together form a single branch, 
Indicating that divergence of these genes occurred relatively 
late. 

GhACT Genes Are Differentially Expressed in 
Different Organs 

To Identify GhACT genes that are preferentially expressed in 
cotton fibers, the expression patterns of 1 5 GMCTcDNA clones 
were analyzed by real-time quantitative SYBR-Green RT-PCR 
using gene-specific primers (Table 1) as described In Methods. 
The cotton polyubiquitin gene {GhUBI; X.B. LI and W.C. Yang, 
unpublished data) expressed equally in all tissue types with cycle 
threshold (Ct) values at 17.52 ± 0.35 and was chosen as 
a standard control to normalize differences In RNA template 
concentrations. Five out of the fifteen GhACT genes are ex- 
pressed at relatively high levels In fiber cells (Figure 3A). GhACT2 
Is expressed at high levels In all tissues compared with other 
GhACTs, and Its expression level reaches a relative value of 1 7 In 
fibers as compared with -^5 in other tissue types. For example, 
GhACT2 expression In fibers is '--370-fold higher than GhACTI 4. 
GhACTI and GhACTS are strongly expressed in fiber and very 
low In leaf, stem, root, and anther, Indicating that they are 
preferentially expressed in fiber cells. GhACT4 and GhACT1 1 
also showed similar expression patterns as GhACTI and 
GhACTS in fiber and were moderately expressed In other tissues, 
whereas the transcripts of other GhACT genes are very low, as 
shown In the small values in the y axis. Overall, GhACT3, 
GhACTS, GhACTIO, and GhACT12 are expressed at least five- 
fold less In fibers compared with GhACTI, GhACT2, GhACT4, 
GhACTS, and GhACT1 1 . By contrast, the expression of GhACT? , 
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Figure 3. Analyses of Expression of GhACT Genes in Cotton Tissues. 
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GhACT8, GhACT14, and GhACT15 Is extremely low if compared 
with GhACTI, GhACT2, GhACT4, GhACT5, and GhACT11. 
Moreover, GhACTG expression is not detectable in all the tissues 
examined. The results of the real-time RT-PCR revealed that 
the actin genes in cotton were differentially expressed, with 
GhACn. GhACT2, GhACT4, GhACTS, and GhACTH being the 
predominant forms in fiber cells (Figure 3A). 

RNA gel blot analysis, using the 3'-untranslated region (UTR) 
of GhACTI as a probe, further demonstrated that GhACTI 
accumulated at high level in fibers and at a relatively lower level 
in ovules. The level of GhACTI transcripts reached the highest 
level during 8 to 14 d postanthesis (DPA) and decreased 
gradually as the ovule developed. At 28 DPA, hardly any 
transcript was detected. No or very little transcripts were 
detected in anthers, petals, leaves, and roots (Figure 3B). A 
moderate level of GhACTI was detected in cotyledons. This 
result further confirmed that the GhACTI gene is preferentially 
expressed, especially in elongation phase in cotton fiber cells. 
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Isolation and Characterization of GMCT Genes 

Five genomic DNA clones, representing GhACTI, GhACT2, and 
GhACT15 (Figure 4A), were isolated from a cotton genomic 
library using GhACTI cDNA as probe. The isolated GhACTI 
gene is -^3.9 kb in length, including 1.6 kb of the 5' promoter 
region, 1.8 kb transcribed region, and 0.5 kb 3' downstream 
sequence. Sequence comparison between cDNA and genomic 
clones revealed that the three GhACT genes all contain four 
exons and three introns (Figure 4A). The three introns are located 
exactly at the same positions in all three genes: between amino 
acid residues 20 and 21, within residue 152, and between 
residues 355 and 356, respectively. The size and position of 
introns in GhACTI and GhACT2 are almost identical (Figure 4A). 
Intron 1 is 545 and 565 bp in length in GhACTI and GhACT2, 
respectively, much longer than intron 2 and intron 3. By contrast, 
intron 1 in GhACTI 5 is relatively short, with only 109 bp. The 
lengths of introns 2 and 3 are similar in all three genes. These data 
indicate that GMCTgene structure is quite conserved in cotton. 

To determine the actio gene family copy numbers, cotton 
genomic DNA was digested with SamHI, EcoRI, EcoRV, H/ndlll, 
Sad, and Xa/I and subjected to DNA gel blot analysis. There was 
one major band and one to two weak bands when the 0.8-kb 5' 
noncoding region of GhACTI was used as a probe. The major 
band represents GhACTI, and the weaker bands most likely are 
due to cross-hybridization with other members of the actin gene 
family, though the 5' noncoding region was used as probe (Figure 
5A). Furthermore, several bands were detected when using the 
more conserved exon 3 of GhACTI as a probe under highly 



Figure 4. GMC7 Gene Structure, GhACT1::GUS, and GhACTI RNAi 
Construction. 

(A) Exons are denoted by black boxes. Introns, 5'-flanklng region, and 
3'- UTR are denoted by lines. The lengths of the introns in base pairs are 
indicated. The number at the boundaries of each exon indicates the 
codon at which the intron is located. The translation initiation and 
termination codons are shown, aa, amino acids. 

(B) The length of the GhACTI promoter and cloning sites used for 
GhACT1::GUS fusion are shown. 

(C) GhACTI RNAi construction. 



stringent conditions (Figure 5B). This suggested that there are 
at least four to eight members of the actin family that share a 
highly conserved coding region with GhACTI, and the remains 
may diverge earlier during the evolution of the cotton actin gene 
family. 

The GhACTI ::fi-Glucuronida$e Fusion Gene Is 
Predominantly Expressed in Cotton Fibers 

To characterize the precise expression pattern of GMC7" genes 
in cotton fibers, we chose GhACTI for further study because it 
represents GhACTs that are expressed preferentially in fibers 
(Figure 3A) among the three available genomic sequences. A 0.8- 
kb promoter region of GhACTI was subcloned upstream of the 
^-glucuronidase (GUS) reporter gene in pBIIOI vector, giving 
rise to the GhACT1::GUS gene (Figure 4B). The GhACTI:: 
GUS construct was introduced into cotton cultivar Coker312 



Figure 3. (continued). 

(A) Real-time RT-PCR analysis of expression of GMCT genes in cotton tissues. Relative value of GMCTgene expression in cotton tissues, including 
leaf (1), stem (2), cotyledon (3), root (4), anther (5), fiber (6), and petal (7), was shown as percentage of GhUBI expression activity (see Methods). 

(B) RNA gel blot analysis of GhACTI transcripts in cotton. Total RNA (20 ^lg/lane) from petal (1), anther (2), leaves (3), cotyledon (4), root (5), ovule (6 to 
1 0) at 4, 8, 1 4, 21 , and 28 DPA, and fiber (1 1 and 1 2) at 8 and 1 4 DPA was fractionated on a 1 .2% denaturing agarose gel and transferred onto a nylon 
membrane (see Methods). Top panel, autoradiograph of RNA hybridization; bottom panel, RNA gel before transfer to membrane showing equal loading 
of RNAs. 
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Figure 5. Genomic DNA Gel Blot Analysis of the GhACTI Gene. 

Thirty micrograms of genomic DNA was digested with restriction 
enzymes as indicated and fractionated on a 0.8% agarose gel. DNA 
gel blots were hybridized with 32p-iabeled GhACTI 5'-region gene- 
specific probe (0.8 kb) (A) and ^zp-iabeled GhACTI exon 3 probe (0.6 kb) 
(B). B, SamHI; E, EcoRI; H, H/ndlll; X, X6al; EV, EcoRV; S, Sad. 



via Agrobacterium tumefaciens-me6\ate6 DNA transformation. 
A total of 230 transformed TO plants from 21 independent calli 
were obtained and transplanted to soil for seeds. A total of 52 of 
230 TO transgenic plants were examined in detail for GUS 
expression patterns. In all of the 52 transgenic plants examined, 
strong GUS activity was detected only in young fibers (Figures 6A 
to 6E), whereas no or weak GUS staining was observed In ovules, 
anthers, petals, sepals, leaves, and roots, including their tri- 
chomes (Figures 6F and 6J). In comparison, plants transformed 
with the positive control pBI121 (35S::GUS) exhibited strong 
GUS activity in all tissues, and the nontransformed plants 
showed no GUS activity in fibers as well as in other tissues 
under the same staining conditions (data not shown). The same 
pattern of GhACT1::GUS expression was further confirmed in T1 
and T2 transgenic plants. In addition, the GhACT1::GUS expres- 
sion was observed at a moderate level in cotyledons of the 
germinating embryos at the first 1 to 2 d, when the root had just 
emerged from the embryo and the two cotyledons had not yet 
unfolded. In 3- to 4-d-old seedlings, moderate GUS activity was 
still observed in the cotyledon tissues (Figure 6G). Hypocotyls 
showed a low level of GUS activity in only one of the 21 
independent transgenic lines examined. GhACTI ::GUS expres- 
sion was not detected in the roots of 3- to 8-d-old seedlings. 
Occasionally, weak expression was detected in the root tip in 
one transgenic line. As the seedling grew, GUS activity gradually 
decreased and finally disappeared in the cotyledons (Figures 6H 
and 61). In 2-week-old seedlings, no significant GUS activity in 
the transgenic plants was detected. These results indicated that 
the 0.8-kb GhACTI promoter was sufficient to direct its fiber- 
specific expression and regulate its dynamic expression during 
cotton plant development. 

Suppression o1 GhACTI Expression Dramatically 
Reduces Fiber Elongation 

To study the role of actin cytoskeleton in fiber elongation, we 
chose a GhACTI gene that is expressed preferentially in fibers 
and less expressed in other tissues or organs (Figure 3A). 
Therefore, it was expected that knockdown of this gene would 



have no or less effect on other tissues. Knockdown approaches 
using RNAi technology were employed. The 150-bp 3'-terminal 
fragment of GhACTI was constructed in the opposite direction 
with an intron from a cotton tubulin gene as a spacer (Li et al., 
2002), then subcloned into pBI101 downstream of its own pro- 
moter (Figure 4C) and introduced into cotton cultivar Coker312 
via Agrobacterium-mediated DNA transfer. Fourteen indepen- 
dent transgenic lines were regenerated. RNA gel blot analysis 
showed that the level of GhACTI mRNAs was reduced signifi- 
cantly down to very low level in fibers of the transgenic plants, 
using GhACTI 3'-UTR fragment as a probe (Figure 7^. To 
understand whether the reduced actin mRNAs also include other 
GMCTgene products, we further analyzed the expression levels 
of all the GMCr genes in fibers from RNAi transgenic plants by 
real-time quantitative SYBR-Green RT-PCR using gene-specific 
primers fTable 1). The results revealed that the expression of the 
GhACTI RNAi resulted in complete GhACTI silence in line T1 
and —10-fold reduction in lines T2, T3, and T4 (Figure 8). On the 
contrary, its impact on the expression of other GMCTgenes was 
minor, with —10% reduction (Figure 8). To confirm that the 
reduction in GhACTI mRNA also led to reduction at the actin 
protein level, protein gel blot analysis using actin antibody was 
performed. A strong band was detected in nontransgenic control 
fibers, whereas no or weak signals were detected in the trans- 
genic lines (Figure 78). This indicated that there was significant 
reduction in the actin proteins (mostly GhACTI ) as a result of the 
reduction In GhACTI expression, and the remaining signals in 
the transgenic lines (Figure 7B, lanes 2 to 5) likely represented the 
other GhACT proteins expressed in fibers or residual GhACTI . 
These data suggest that GhACTI is one of the dominant and 
functional actin isoforms in fibers. 

All GhACTI RNAi transgenic plants showed a short-fiber 
phenotype (Figure 9) that cosegregated with the kanamycin 
selection marker (data not shown) and the reduction of actin 
protein levels, indicating that the phenotype was a result of the 
actin reduction caused by GhACTI silence. Fiber cells differ- 
entiate and rapidly emerge from the surface of the ovule at 0 to 1 
DPA in wild-type plants (Figure 9A), whereas fibers in transgenic 
plants (Figure 9D) were much shorter. At 2 DPA, fiber cells in 
wild-type plants reached —500 j^m long (Figure 9B), whereas 
transgenic fibers were only —150 to 380 jim in length (Figure 
9E). Fiber length at 3 DPA in most transgenic plants (Figure 9F) 
was equal to fibers at 2 DPA in wild-type cotton (Figure 9B) and 
much shorter than fibers at 3 DPA in wild-type plants (Figure 
9C). Measurement of fiber length showed that fiber elongation in 
transgenic plants was —1.5- to 3-fold slower than that in wild- 
type plants (Figure 1 0), which correlated with the reduction of 
actin protein level (see Figure 7B). The results suggest that the 
reduction in total actins, including GhACTI, slowed down fiber 
elongation. Moreover, a portion of the ovules was sterile, and 
bolls in transgenic plants were smaller than those in the wild 
type after maturation, indicating that GhACTI RNAi also slightly 
affected pollination or seed development. However, all the 
transgenic lines were unaffected in vegetative growth and 
flower development. No inhibition on fiber initiation was ob- 
served in the GhACTI transgenic lines, suggesting the GhACTI 
gene is most likely not involved in fiber initiation but plays a role 
in fiber elongation. 
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Figure 6. HIstochemical Localization of GUS Activity in Transgenic Cotton Plants Containing the GhACT1:',GUS Fusion Genes. 

(A) and (B) Dark-field micrographs of 5-M.m-thick cross sections of 1 - to 2-DPA ovules. A high level of GUS activity (represented by pink dots) was only 
found in the fiber, and very weak GUS staining was seen in the inner cell layers. No GUS staining was detected in the epidennal atrichoblast and 
integument. 

(C) to (J) Bright field of micrographs or photographs of ovules and other tissues/organs. 

(C) and (D) GUS staining in ovules at 1 (C) and 2 (D) DPA. Strong GUS activity was observed in the fibers. 

(E) A cross section of a transgenic cotton boll at 14 DPA. Strong GUS activity was detected In the developing fibers, and very weak GUS staining was 
seen in embryos. 

(F) A longitudinal section of a transgenic fiower bud before anthesis. Weak GUS staining was found in some pollen grains. 

(G) to (I) GUS staining In transgenic seedlings. 

(G) Three-day-old seedling. GUS gene was expressed moderately in the cotyledons. 

(H) Parts of a 7-d-old seedling. Weak GUS expression was found onty in cotyledons. 

(I) Parts of a 1 0-d-old seedling. GUS activity was very low in cotyledons, and no GUS expression was detected in other tissues, such as leaf and shoot 
apex. 

(J) No GUS activity was detected in leaf, stem, root, sepal, and petal (from left to right) of transgenic cotton. 
Bars = 80 |xm in (A) and (B), 1 mm in (C) and (D), and 2 mm in (F). 
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Figure 7. RNA Gel Blot and Protein Gel Blot Analyses of GhACTI 
Expression In RNAi Transgenic Fibers of Cotton. 

(A) RNA gel blot analysis. Total RNAs from fibers at 1 0 DPA from a wild- 
type plant (1) and GhACTI RNAi transgenic lines (2 to 5) were fraction- 
ated on 1.2% denaturing agarose gel and transfen^ed to a nylon 
membrane (see Methods). Top panel, autoradiograph of RNA gel blot 
hybridized with ^^p-dCTP-labeled GhACTI probe; bottom panel, auto- 
radiograph of the same RNA gel blot hybridized with ^zp-dCTP-labeled 
18S RNA probe (control) showing equal loading of RNAs. 

(B) Protein gel blot analysis. Total soluble proteins of fibers at 10 DPA 
from a wild-type plant (1) and GhACTI RNAi transgenic lines (2 to 5) were 
separated by electrophoresis in a 12% SDS-PAGE gel. The protein gel 
blot was stained with anti-actin antibody (top panel) and Coomassie blue 
(bottom panel). 



Impact of GhACTI Suppression on the Actin 
Cytoskeleton in Fiber Cells 

To investigate if changes in the actin cytoskeleton in GhACTI 
RNAi transgenic fibers occurred, we studied actin cytoskeleton 
in fiber cells using rhodamine-phalloidin staining for F-actin. 
During fiber cell elongation in wild-type plants, F-actin exhibited 
a complicated net-like structure from thin filaments to thick and 
longitudinally extending cables. At the early stage of fiber 
elongation, actin filaments were organized into arrays parallel to 
the growing axis and extended into the tip of the fiber cells 
(Figure 9G). With further elongation of fiber cells, the actin 
cytoskeleton was comprised of relatively thin an-ays and thick 
cables along the long axis of the fiber (Figure 9H). The F-actin 
cytoskeleton displayed an increasingly complicated network 
consisting predominantly of thick and longitudinally long cables 
(Figure 91). By contrast, actin filaments in transgenic fibers were 
obviously reduced in the number of filaments, and a more 
random array was observed (Figure 9J). During further de- 
velopment of the fibers, they were less bundled into arrays and 
cables (Figure 9K, compare with Figure 9H) and exhibited 
a defective F-actin organization (Figures 9K and 9L). As a result 
of RNAi of GhACTI expression in transgenic fibers, the devoid 
of the well-organized actin cytoskeleton consequently resulted 
in the reduction in fiber cell elongation, leading to the short- 
fiber phenotype. These data suggested that downregulation of 



the GhACTI gene has an impact on actin cytoskeleton network 
in fiber cells. 



DISCUSSION 

Divergence of the Protein Structure of the GhACTs 

Although plant actins are quite conserved, the divergence on 
protein structures occurred during evolution. In this study, the 1 6 
cotton actins deduced from the isolated GhACT genes have 
diverged into nine subclasses compared with six subclasses In 
Arabidopsis (McDowell at al., 1996), Variation among GhACTs 
occurs more significantly than that found among the Arabidopsis 
actins. Figure 11 shows GhACTI protein structure, Indicating 
that those significant substitutions on amino acids among the 
cotton actins may have an impact on their surface properties. 
The 14 positions where charged substitutions took place are 
found among the GhACTs, whereas only nine such positions 
appear among Arabidopsis actins (McDowell et al., 1996). At 
these positions, unlike Arabidopsis actins, only six positions 
were conservative substitutions, and the other positions showed 
nonconservative interchanges, whereas human actins contain 
only conservative substitutions. The nonconservative replace- 
ments of charged residues located on several surfaces of the 
actin molecule (Figure 11) may be involved in functional non- 
equivalency of actin isovariants as actin monomers polymerize 
from G-actin to F-actin and alter actin-actin or actin-actin 
binding protein interaction. For example, the uncharged polar 
GInSI just adjacent to the DNase I binding loop involved In 
intermonomer interactions within the filament (Holmes et al., 
1990) is replaced by a positively charged His in GhACTS and 
GhACT6. Because actin subdomain 2, in particular the DNase I 
binding loop, is directly involved in conformational changes 
(Otterbein et al., 2001), it is likely that this nonsynonymous 
substitution will have an impact on GhACTS and GhACT6 
structure and function. Recent genetic studies In Arabidopsis 
clearly showed that substitutions in AtACT2 have dramatic 
Impact on Its functions in root hair development (Gilliland et al., 
2002; Ringli et al„ 2002; Diet et al., 2004). MIssense mutation in 
derl mutants (Ala183Val in der1-1, Arg97His in der1-2, and 
Arg97Cys in der1'3) all caused deformed root hairs. Further- 
more, GIu356Stop in en/2 enhances der1 phenotypically (Diet 
et al., 2004), indicating that C-terminal residues are not abso- 
lutely required for its function. On the contrary, the conservative 
substitutions in the N-terminal peptide of Arabidopsis actins may 
affect polymerization and myosin binding (McDowell etal., 1996). 
Either a charged (His or Arg) or an uncharged polar amino acid 
(Gin) at position 123 of cotton actins may suggest that Gin and 
His are functionally interchangeable. Besides the charged sub- 
stitutions, there were four positions where a noncharged Gly was 
substituted by a charged Glu or Arg seen in GhACTI (Glyasa to 
Glu), GhACT6 (Gly^ to Arg), GhACTS (Glyisa to Arg), and 
GhACTI 4 (Gly297 to Glu), respectively. These substitutions are 
not found in Arabidopsis actin genes (McDowell et al., 1996). It 
would be interesting to know whether these nonsynonymous 
substitutions have structural and functional impacts on transition 
from G-actin to F-actin. 



GhACTi 




Wtt Wt2 T1 12 
tims 



T3 




Wtl Wl2 T1 T2 
Lines 



0.06 
J 0. 05 
I 0 ,04 
I 0.03 
I 0,02 

0.01 
0 



I 



T3 t4 




Wtl mZ T1 T2 
Lines 




7 

§ 6 
S 5 

1 

0 




Wtl Wt2 T1 T2 
Lines 




Wtl WtZ T1 T2 
Un6« 




Wtl Wt2 




Wtl Wt2 Tl T2 
Linos 




Wtl Wt2 Tl T2 
Ltne» 



16 



wtl Wt2 tl 7:2 T3 T4 





Wtl Wt2 Tl TZ 
Uriw 




Wtl Wt2 Tl T2 
Uti»s 



Rgure 8. Real-Time RT-PCR Analysis of GhACTi RNAI Expression in Transgenic Fibers. 

Relative value of GhACT gene expression in 8-DPA fibers is shown as a percentage of GhUBI expression activity (see Methods). The GhACTi 
expression was significantly silenced by RNAi in the transgenic fibers, whereas the activities of the other GhACT genes were little affected in fibers of atl 
the transgenic lines. Wt1 and Wt2, wild-type plants; Tl to T4, transgenic GhACTi RIsiAi lines. 
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Figure 9. Comparison of Fiber Growth Rate and F-Actin Organization in Fiber Cells between Transgenic GhACTI RNAi and Wild-Type Plants. 

(A) to (F) Scanning electron micrographs of the ovule surface of transgenic GhACTI RNAi and wild-type plants. 
(A) to (C) Ovules of wild-type plants at 1 (A), 2 (B), and 3 (C) DPA. Note the length of fibers increases with time. 

(D) to (H) Ovules of transgenic plants at 1 (D), 2 (E), and 3 (F) DPA. Note the length of fibers is much shorter than that in wild-type plants at the same 
stages. 

(G) to (L) Organization of actin filaments in fiber cells of wild-type and transgenic GhACTI RNAi cotton. 

(G) to (1) Fiber cells of wild-type cotton at 1 (G), 2 (H), and 3 (I) DPA. Actin filaments were organized into arrays parallel to the growing axis and extended 
into the tip of the fiber cells at 1 DPA (G). Actin filaments were an^anged into thin an-ays and thick cables along the shank in fiber cells at 2 DPA (H) and 
assumed a more complicated net structure of thick and longitudinally extending cables in >3-DPA fiber cells (I). 
(J) to (L) Fiber cells of transgenic cotton at 1 (J), 2 (K), and 5 (L) DPA. Fewer F-actin cables were present. 
Bars = 5 p.m in (G) and (J) and 10 in (H), (I), (K), and (L). 



A unique feature of the actin gene family is the position of 
introns that are conserved among actin genes in cotton and other 
plant species (Shah et al., 1983; Baird and Meagher, 1987; Nairn 
et al., 1988; Stranathan et al., 1989; McElroy et al., 1990; 
Meagher and Williamson, 1994; Cox et al., 1995; An et al.. 



1996). In Arabidopsis, actin genes have three small introns at 
identical locations as in GMCT genes except ACT2, in which the 
first intron between codons 20 and 21 is missing (McDowell et a!., 
1996). In GhACTI and GhACT2, the first intron is rather large (545 
and 565 bp, respectively) compared with the second and third 
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Figure 10. Fiber Length of Transgenic GhACTI RNAi and Wild-Type 
Cotton Seeds at 1 and 2 DPA. 

Ovules were sectioned and the length of 30 fiber cells was measured 
under a microscope for each transgenic line and wild type. Data was 
processed with Microsoft Excel. Compared with the wild type, fiber cells 
of transgenic plants are much shorter and are approximately one-half to 
one-third of wild-type fibers. 



introns (91 and 76 bp, respectively) that are more conserved, 
indicating that the first intron is more divergent than intron 2 and 
intron 3. Furthermore, unlike the other known plant actin genes 
studied, GhACTI and GhACT2 share high similarity in the se- 
quences of all three introns, suggesting that both genes may 
have very close evolutionary relationship. 

Nevertheless, the triplet GAG insertion 4 bp upstream the 
second exon-lntron junction in GhACTB challenged the con- 
served intron organization paradigm that the three introns are 
located at the same positions in all actin genes In the plant 
kingdom (McDowell et al., 1996). In actin genes examined so far, 
the second intron is always located at amino acid residue 152. 
However, in GhACT8, the second intron was located at amino 
acid residue 153 instead of residue 152 because of the insertion. 
The functional and evolutionary implications of this insertion 
remain unknown, although GhACTS is expressed at high levels in 
fiber and root. 

GhACTI Is Preferentially Expressed during 
Fiber Development 

In this study, we demonstrated that differential expression of the 
GMC7"gene occurs in cotton, as did the members of this actin 
family In several other plant species, such as Arabidopsls 
(McDowell et al., 1996; Meagher et al., 1999b), soybean (McLean 
et al., 1990), tobacco (Thangavelu eta!., 1993), and rice (McElroy 
et al., 1990). The differential expression data may imply that the 
specialized functional expressions of actin genes are required for 
proper development of the respective cell and tissue types and 
may reflect the divergent evolution of actin gene regulatory 
elements for expression in plant development. 

The data presented here provide evidence for strong ex- 
pression of some GMCr genes in cotton fibers. The high level 



of GMCTgene expression coincides with the rapid elongation 
of the fiber cell, suggesting that actin cytoskeleton plays an 
essential role in fiber elongation. It seems that specialized 
GhACT genes had been evolved to meet the requirement of 
the actin cytoskeleton for rapid fiber elongation. This Is man- 
ifested by the fiber-specific expression of GhACTI, as well as 
GhACT2 and GhACTS. Real-time RT-PCR and RNA gel blot 
analysis showed that the GhACTI transcripts accumulated 
preferentially in developing fibers, whereas only low or undetect- 
able levels of RNAs were found elsewhere. The transcripts of 
GhACTI reach the highest level in young fibers during 8 to 14 
DPA, and then there is a gradual and visible decrease of mRNA 
as the fiber cells developed further. Similarly, genes involved in 
osmoregulation and cell expansion during fiber development are 
also expressed at a high level (Orford and Timmis, 1998; Smart 
et al., 1998; Ruan et al. 2001). Consistently, GhTua2/3 and 
GhTua4 genes increased In abundance from 10 to 20 DPA, 
whereas GhTual and GhTuaS transcripts were abundant only 
through to 1 4 DPA and dropped significantly at 1 6 DPA with the 
onset of secondary wall synthesis (Whittaker and Triplett, 1 999). 
Our previous study indicated that the GhTUBI gene was 
preferentially expressed in the early stage of fiber development 
(Li et al., 2002). This suggests that strict developmental control 
on genes, such as GhACTI, involved in cell elongation during 
cotton fiber and ovule development had evolved. 

To study the developmental control mechanisms, we isolated 
the GhACTI gene and Its promoter. The 0.8-kb 5' upstream 
sequence was cloned upstream the GUS reporter and trans- 
ferred to cotton plants. GUS assay showed that the promoter Is 
very active in developing fibers, whereas no or very little activity 
is present in leaf, stem, root, petal, and sepal. It should be 
emphasized that GhACTI was not expressed in leaf, stem, root, 
petal, and sepal trichomas, suggesting that the actin isotype 
encoded by GhACTI maybe specific forfiber growth, rather than 
that of other trichomes. This Is consistent with the GhACTI 
expression pattern revealed by real-time RT-PCR and RNA gel 
blot analysis, indicating that the 0.8-kb GhACTI promoter Is 
sufficient to drive its tissue-specific expression and contains all 
the c/s regulatory elements for its developmental regulation, as 
for actin genes In Arabidopsls (An et al., 1 996; Huang et al., 1 996; 
McDowell et a!., 1996; Meagher et al., 1999b; Vitale et al.,2003). 
Thus, the 0.8-kb GhACTI promoter can be useful for isolating 
transcriptional factors that recognize the promoter sequence and 
for directing target gene expression in fiber cells. By comparing 
other fiber-specific promoter sequences such as E6, H6, and 
FbL2A (John and Crow, 1992; John and Keller, 1995, 1996; 
Rinehart et al., 1 996), we hope to be able to identify fiber-specific 
cis elements and trans regulatory factors in the future. 

GhACTI Plays a Major Role in Fiber Elongation 

Fiber cell development, similar to trichome morphogenesis in leaf 
and stem (Mathur et al., 1 999), requires the actin cytoskeleton for 
elaborating and maintaining the spatial patterning. During the 
early stage of fiber elongation, a rapid rate of actin turnover must 
keep pace with the equally rapid rates of fiber growth. The 
downregulation of GhACTI via RNAi technology in the trans- 
genic fibers greatly reduces actin level that consequently affects 
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Rgure 11. Significant Amino Acid Substitutions within Cotton GhACT Proteins. 

The model was constructed using the spdbv37sp5 protein stnjcture program (Swissl^odel first approach mode) from the Web site http:// 
swissmodel.expasy.org/ of the Swiss Institute of Bioinformatics. Front (A), right side (B), bacl< (C), and left side (D) views, respectively, of the space- 
filling model for cotton GhACTI . The GhACTI structure was built based on the known actin three-dimensional structure. Substitutions involving charged 
or strongly polar amino acid interchanges among the 15 cotton actin isoforms (GhACTI to GhACTI 5) are shown in the labeled amino acid residues. 



actin cytoskeleton organization, and as a result, fiber elongation 
is inhibited (Figure 9). This demonstrated that GhACTI plays 
a major role in fiber elongation, although we could not completely 
rule out the contribution of GMCT genes (such as GhACT2 and 
GhACTS). The growth of cotton fiber cells is different from that of 
most other plant cells because of its rapid and synchronous tip 
elongation. It has been reported that F-actIn plays an important 
role in pollen tube growth (Mascarenhas, 1993; Chen et al., 
2002), in trichome morphogenesis (Mathuret al., 1999), in root 
hair tip growth (Miller et al., 1999), and in cell elongation of other 
cell types (Baluska et al., 2000; Waller et al., 2002; Yamamoto 
and Kiss, 2002). In the tip-growing pollen tube, F-actin arrays are 
very dynamic, changing from large spherical bodies to F-actin 
bundles oriented predominantly parallel to the growth axis 
(Tiwari and Polito, 1988). Similar F-actin arrays were also found 



for root hair growth (Miller et al., 1 999) as well as root tip growth 
(Blancaflor and Hasenstein, 1997). However, Arabidopsis act? 
mutants showed remarkably reduced F-actin in the cells of the 
root elongation zone. As a result, mutants displayed a series of 
abnormal phenotypes, such as delayed and less efficient ger- 
mination, increased root twisting and waving, and retarded and 
slowed root growth (Gilliland et al., 2003). The act2-1 insertion 
fully disrupted ACT2 gene expression and significantly de- 
creased the level of total actin protein, resulting in much shorter 
root hairs (Gilliland et al., 2002; Ringli et al.. 2002). Immunocy- 
tochemical analysis revealed only several thin actin bundles in 
the short mutant root hairs, and in the very apex of these stunted 
root hairs, the actin bundles were often looping through the tip or 
showing dense but diffuse fluorescence labeling (Gilliland et al., 
2002). It was believed that actin isovariants of Arabidopsis have 
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evolved distinct reproductive and vegetative functions and have 
showed functional nonequavalency among each other. Mis- 
expression of the pollen-specific reproductive ACT1 isovariant 
in vegetative tissues altered actin polymerization and F-actin 
organization and thereby dramatically affects plant development 
and morphogenesis (Kandasamy et al., 2002). In cotton fiber, vie 
found that the F-actin was organized into short and thin arrays in 
tip orientation at the early stage of fiber development, and with 
further development, F-actin cytoskeleton displayed an increas- 
ingly complicated net-like structure consisting predominantly of 
thick and longitudinally extending cables in fiber cells. On the 
other hand, when GhACTI isovariant level was reduced signif- 
icantly in the transgenic fiber cells, F-actin bundles were reduced 
with only a few filaments (Figure 9), similar to act? and act2 
mutants. The reduced and defective actin cytoskeleton was 
unable to meet rapid fiber elongation. This suggested that 
F-actin arrays maintained by a significant amount of actins 
(mostly GhACTI) is critical for fiber cell elongation, like in root 
hair and trichome cell types. 

F-actin might transport vesicles toward the cell periphery, 
especially near the polar region during tip growth. When the 
movement of F-actins was blocked, the vesicles could not be 
released in the cell periphery (polar region), resulting in the 
Inhibition of the coleoptile cell elongation (Waller and Nick, 1 997; 
Waller et al., 2002). In root hair development of Vicia sativa, the 
elongating net-axial fine bundles of actin filaments (FB-actin) 
function in polar growth by targeting and releasing Golgi vesicles 
to the vesicle-rich region of the hair cells. When the elongation of 
FB-actin was blocked by cytochalasin D, the tip growth of root 
hair cells was stopped (Miller et al., 1999). In our study, because 
of suppression of GhACTI expression, the reduction of F-actin 
level in transgenic fibers might have a similar effect on fiber cells. 
With the reduction of actin filaments, the number of organelles 
(such as Golgi body and endoplasmic reticulum) traveling along 
the filaments may decrease significantly in the GhACTI RNAi 
transgenic fiber cells. The significant reduction in vesicles may 
account for the slow elongation of fiber cells in the transgenic 
plants. 

In conclusion, our results provide direct evidence that 
GhACTI, perhaps as well as other GhACT genes (such as 
GhACT2 and GhACTS), is involved in fiber elongation, not fiber 
initiation. The characterization and expression studies give us 
novel insights into the role of GhACTI in cotton fiber develop- 
ment. Furthermore, the GhACTI promoter provides a useful tool 
to identify transcription regulators confirming its fiber-specific 
expression and to direct potential target genes for fiber quality 
improvement. 



METHODS 
Plant Materials 

Cotton [Gossypium hirsutum cv Coker312) seeds were surface-sterilized 
with 70% ethanol for 30 to 60 s and 1 0% H202 for 30 to 60 min, followed 
by washing with sterile water. The sterilized seeds were germinated on 
half-strength MS medium under a 12-h-light/12-h-dark cycle at 28"C. 
Cotyledons and hypocotyls were cut from sterile seedlings as explants for 
transformation as described before (LI et al., 2002). Tissues for DNA and 



RNA extraction were derived from cotton plants (G. hirsutum cv DP5415 
and Xuzhoul 42) grown in a greenhouse. 

Construction of Cotton cDNA Libraries 

Total RNA was extracted from young fibers, ovules, anthers, petals, 
leaves, cotyledons, and roots as described previously (U et al., 2002). 
Poly(A)+ mRNA was purified from total RNA using an mRNA purification 
kit (Qiagen, Dusseldorf, Germany). cDNA was synthesized and cloned 
into the EcoR\-Xho\ sites of the ZAP Express vector and packaged using 
a ZAP-cDNA Gigapack Gold III cloning kit (Stratagene, La Jolla, CA) 
according to the manufacturer's instructions. 

isolation of GhACT cDNAs and RNA Gel Blot Analysis 

More than 300 cDNA clones were randomly selected from the cotton fiber 
cDNA library for sequencing. Sequence analysis identified one actin 
clone, GhACTI, The 380-bp fragment of the 3'-UTR of GhACTI was 
obtained by PGR amplification using primers GMCn-3'L (5'-AGTTTTG- 
TAATTGCTTTTGATGGT-S') immediately downstream the stop codon 
and GMCn-3'R (S'-AAATCTCGTACAATAATAGCTATT-S') and used as 
a gene-specific probe for RNA gel blot analysis as described previously 
(Li et al., 2002). Then, a 600-bp fragment representing GhACTI exon 3 
was labeled with [a~^^P]6CTP and used as a probe to screen a cotton 
cDNA library according to standard procedures (Sambrook et al., 1989). 
cDNA (5 X 10^ clones were screened, and 300 clones were identified. 
Among them, 60 full-length clones were sequenced and analyzed. In 
total, 15 unique cDNA clones were obtained. 

Sequence and Phylogenetic Analysis 

Nucleotide and amino acid sequences were analyzed using DNAstar 
(DNAstar, Madison, Wl). For phylogenetic analysis, 15 GhACT peptide 
sequences and one putative cotton actin sequence (AF059484) were 
aligned with the ClustalW program (http://www.ebi.ac.uk), then maxi- 
mum parsimony analysis was performed with the PAUP 4.0 program 
(Swofford, 1998) using yeast actin ScACTI as an outgroup. The heuristic 
search methods were applied and the best parsimonious trees were 
retained in each search. 



RT-PCR Analysis 

The expression of the GhACT genes In cotton tissues was analyzed by 
real-time quantitative RT-PCR using the fluorescent intercalating dye 
SYBR-Green in a UghtCycler detection system (Roche, Indianapolis, IN). 
A cotton polyubiquitin gene {GhUBl) was used as a standard control in the 
RT-PCR reactions. A two-step RT-PCR procedure was perfomried in all 
experiments. First, total RNA samples (2 |xg per reaction) from leaves, 
stems, cotyledons, roots, anthers, petals, and fibers were reversely 
transcribed into cDN/Vs by AMV reverse transcriptase according to the 
manufacturer's instructions (Roche). Then, the cDNAs were used as 
templates in real-time PGR reactions with gene-specific primers (Table 1 ). 
The real-time PGR reaction was performed using the UghtCycler- 
FastStart DNA Master SYBR Green I kit (Roche) according to the 
manufacturer's instructions. The amplification of the target genes was 
monitored every cycle by SYBR-Green fluorescence. The Ct, defined as 
the PGR cycle at which a statistically significant increase of reporter 
fluorescence is first detected, is used as a measure for the starting copy 
numbers of the target gene. Relative quantitation of the target GhACT 
expression level was performed using the comparative Ct method (Roche 
UghtCycler system). The relative value for expression level of each 
GMCr gene was calculated by the equation Y = lO^c*^ x 100% (ACt is 
the differences of Ct between the control GhUBI products and the target 
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GhACT products; i.e., ACt = Cto/jtye/ - OXqmct)- To achieve optimal 
amplification, PGR conditions for every primer combination were opti- 
mized for annealing temperature and Mg2+ concentration as recom- 
mended by the Roche LightCycler system Instructions. PGR products 
were confirmed on an agarose gel. The efficiency of each primer pair 
was detected using GhACT cDNAs as standard templates, and the RT- 
PGR data were nonnalized with the relative efficiency of each primer pair, 

DNA Gel Blot Analysis 

Genomic DNA was Isolated from young cotton (G. hirsutum cv DP5415 
and Xuzhou142] leaves using a modified method described earlier (Li 
et al., 2002). Genomic DNA was digested with restriction enzymes and 
separated on 0.7% agarose gels and transferred onto Hybond N+ nylon 
membranes (Amersham Biosciences, Buckinghamshire, UK) by capillary 
blotting. DNA gel blot hybridization was performed at 68°C overnight 
using ExpressHyb solution (Glontech, Palo Alto, GA) with ^ap-labeled 
gene-specific DNA probes prepared by the Prime-a-Gene labeling 
system (Promega, Madison, Wl), followed by washing at 68*G in 0.1 x 
SSG and 0.5% SDS for 30 to 60 min. The ^^p-iabeled membranes were 
exposed to x-ray film at -80°C for 1 to 3 d. 

Isolation of GhACT Genes by Screening Cotton 
Genomic Libraries 

Gotten genomic libraries were constnjcted as described eariler (U et al., 
2002). Approximately 2x10® clones were screened with a [a-^^PJdCTP- 
labeled GhACTI (0.6 kb of exon 3) probe generated by the Prime-a-Gene 
labeling system (Promega). The membranes (Hybond N+; Amersham 
Biosciences) were hybridized overnight In ExpressHyb solution (Glontech) 
at 68*'G, followed by washing with 0.1 x SSG and 0.5% SDS. Autoradi- 
ography was performed with x-ray film (Kodak, Rochester, NY), and 
positive clones were purified and sequenced with the ABI Prism 377 DNA 
sequencer (Applied Biosystems, Foster City, GA) according to the 
manufacturer's Instructions. 

Construction of the GhACT1::GUS Chimeric Gene and GhACTI RNAI 

Primers at -816 to -793 bp with an introduced Sail site and from -1 to 
-27 bp before ATG with an Introduced Xbal site were used to amplify the 
GhACTI promoter. A 0.8-kb PGR fragment was obtained using pfu DNA 
polymerase (Stratagene, La Jolla, GA) and digested with Sa/I and Xba\, 
then subcloned into the $al\/Xba\ sites of the pBII 01 vector (Glontech) to 
generate a chimeric GhACTI : \GUS gene (named pBl-ACTI-p) (Figure 48). 

To constnjct GhACTI RNAI vector, the first Intron (0.2 kb) of the 
GhTUBI gene (Li et al., 2002) was amplified by PGR with two introduced 
sites, Xbal and Spel, using the primer pair TUBint-L, 5'-GGGTCTAGA- 
GAGGTAGTTAGAAAGGAAGGGGA-3', and TUBint-R, 5'-GGGAGTAG- 
TAGGTTGCCATTGGGGAACGGGTT-3', and Inserted into a pBluescript II 
SK+ vector at the sites Xbal and Spel to obtain an Intron-containlng 
Intermediate construct (pSK-TUBInt). The GhACTI 3'-terminal sequence 
(150 bp fragment at 229 to 378 bp downstream the stop codon) was 
cloned Into the 5' arm with the introduced sites BamHUSpel and the 3' 
arm with the introduced sites X£»al/Sacl of the intron in pSK-TUBInt vector 
for the sequences encoding the Inverted repeat RNA. The constnjcted 
RNAI of the GhACTI gene was subcloned into the GhACT1:\GUS 
construct at BamHl/Sac\ sites to replace the GUS gene (named pBI- 
TUBInt-AGTII) (Figure 4G). 

Cotton Transformation 

Cotyledon and hypocotyl explants from G. hirsutum cv Coker 312 were 
transformed using Agrobacterium ft/mefac/ens-mediated transformation 
as described previously (Li et al., 2002). Homozygosity of transgenic 



plants was determined by segregation ratio of the kanamycin selection 
marker and further confirmed by DNA gel blot analysis. 

Histochemical Assay of GUS Gene Expression 

Histochemical assays for GUS activity in transgenic cotton plants were 
conducted according to Jefferson et al. (1987), with slight modification. 
Fresh plant tissues were incubated in 5-bromo-4-chloro-3-indolylglucur- 
onide solution at 37*'G for 4 to 8 h and then cleared and fixed by rinsing 
with 1 00 and 70% ethanol successively. For sectioning, 1 to 3 DPA ovules 
stained In 5-bromo-4-chIoro-3-indolyiglucuronide solution were fixed 
with 2.5% (v/v) glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2, 
overnight at room temperature, then dehydrated through conventional 
ethanol series, and finally embedded in Historesin (Leica, Wetzlar, 
Germany) according to the manufacturer's instructions. The samples 
were cut into 5- to 7-fjim-thick sections using a LeIca microtome. The 
sections were examined and photographed under a Leica DMR micro- 
scope equipped with dark-field optics. 

Protein Gel Blot Analysis 

Soluble proteins were extracted from 8 to 1 0 DPA wild-type and GhACTI 
RNAI transgenic fibers in extraction buffer containing 50 mM Tris-HCI, pH 
8.0, 0.5 mM GaCl2, a-mercaptoethanol, 0.5% Nonldet P-40, 1 jig/mL 
aprotinium, 1 ^ig/mL leupeptin, and 0.6 p,L/mL PMSF, Protein concen- 
tration was detemnined by the Bradford method. Equal amounts of 
proteins were separated by electrophoresis in a 12% SDS-PAGE gel and 
transferred onto a nylon membrane by electric transfer (Trans-Blot 
system; Bio-Rad, Hercules, GA) using semidry transfer buffer. The 
membrane was blocked with 5% nonfat milk In PBS buffer containing 
0.05% Tween-20 at room temperature for at least 1 h and then incubated 
with affinity-purified goat polyclonal anti-actin IgG (Santa Cruz Biotech- 
nology, Santa Cruz, C^ for 1 h. After washing In PBS buffer for 30 mIn, the 
membrane was incubated in PBS containing horseradish peroxidase- 
conjugated rabbit anti-goat IgG (Pierce, Rockford, IL) for 1 h. After 
washing In PBS buffer, the membrane was Incubated in SuperSignal 
West Substrate (Pierce) working solution for 5 mln and then exposed to 
x-ray film. 

Scanning Electron Microscopy 

For examining fiber initiation and elongation, fresh ovules were dissected 
out and placed on double-sided sticky tape on an aluminum specimen 
holder and frozen immediately in liquid nitrogen. The frozen sample 
was viewed with a JSM-5310LV scanning electron microscope (JEOL, 
Tokyo, Japan). 

Observation of F-Actin Structures in Fiber Cells 

Ovules dissected out from fresh bolls at 1 to 4 DPA, with or without 
maleimldoenzoyl-N-hydroxysuccinimide ester pretreatment, were fixed 
In a solution of 2% paraformaldehyde in KMCP buffer (70 mM KCI, 1 mM 
MgCl2, 1 mM GaGl2, and 100 mM Pipes, pH 6.5) for 1 h. After rinsing In 
KMCP buffer, the ovules were sectioned Into slices of —1 mm thickness. 
Thin sections were transferred to slides and treated with 1 % cellulase 
(SIgma-Aldrich, St. Louis, MO), 0.5% hemicellulase (Sigma-Aldrich), 
0.5% pectinase (Sigma-Aldrich), and 0.1% BSA In KMCP buffer for 
10 mln, followed by washing with KMCP buffer. Finally, sections were 
incubated in a solution of 5 j^g/mL Phalloidln-TRITC (Sigma-Aldrich) in 
KMCP buffer with 0.1% Triton X-100 at room temperature. Excess 
phalloldin was removed by rinsing with the same buffer. Stained ovule 
sections were Immediately examined with an LSM510 confocal micro- 
scope (Zeiss, Jena, Germany). 
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Sequence data from this article have been deposited with the EMBI7 
GenBank data libraries under accession numbers AY305723 to 
AY305737. 
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Summary 

Gametophytic self-incompatibility (GSI) systems involving the expression of stylar ribonucleases have been 
described and extensively studied in many plant families including the Solanaceae, Rosaceae and Scrophu- 
lariaceae. Pollen recognition and rejection is governed in the style by specific ribonucleases called S- 
RNases, but in many self-incompatibility (SI) systems, modifier loci that can modulate the SI response have 
been described at the genetic level. Here, we present at the molecular level, the isolation and characteriza- 
tion of two Solanum chacoense homologues of the Nicotiana HT modifier that had been previously shown 
to be necessary for the SI reaction to occur in N.alata (McClure et a/., 1999). HT homologues from other 
solanaceous species have also been isolated and a phylogenetic analysis reveals that the HT genes fall into 
two groups. In S. chacoense, these small proteins named ScHT-A and ScHT-B are expressed in the style and 
are developmentally regulated during anthesis identically to the S-RNases as well as following compatible 
and incompatible pollination. To elucidate the precise role of each HT isoform, antisense ScHT-A and RNAi 
ScHT-B lines were generated. Conversion from SI to self-compatibility (SO was only observed In RNAi 
ScHT-B lines with reduced levels of ScHT-B mRNA. These results confirm the role of the HT modifier in 
solanaceous SI and indicate that only the HT-B isoform is directly involved In SI. 

Keywords: self-incompatibility, S-RNase, Solanaceae, HT-modifier gene, RNA interference. 



Introduction 

Self-incompatibility (SI) constitutes an important mechan- 
ism for preventing inbreeding through specific pollen 
recognition and rejection. In the most widespread type of 
gametophytic self-incompatibility (GSI), the haploid pollen 
is rejected when the S-allele it expresses, matches either of 
the two S-alleles expressed In the sporophytic tissue of the 
pistil. For Solanaceae, the GSI phenotype is specified by a 
highly multiallelic S-locus (de Nettancourt, 1977, 1997) 
whose only known product is a secreted ribonuclease 
(McClure et a/., 1989) expressed In the transmitting tissue 
of the style (Anderson etai, 1986; Matton etal., 1998) and 
called an S-RNase. Gain-of-function experiments in SI 
plants have shown that expression of an S-RNase trans- 
gene is sufficient to alter the SI phenotype of the pistil but 



not that of pollen (Lee et ai, 1994; Matton et al., 1997; 
Murfett ef ah, 1994). Furthermore, transgenic plants made 
to express high levels of S-RNase in pollen did not acquire 
the new phenotype (Dodds etal, 1999), indicating that the 
pollen S gene (unknown to date) is clearly distinct from the 
S-RNase (Kao and McCubbin, 1996). In orderto determine if 
expression of an active S-RNase is the sole determinant of 
SI in styles, transformation of closely related self-compa- 
tible (SO species with S-RNases were attempted. Trans- 
formation of SC Nicotiana tabacum or N.plumbaginifolia 
with an S-allele from the SI species N. alatadid not result in 
the acquisition of the SI phenotype (Murfett etal,, 1996), nor 
did the introgression of a chromosome fragment bearing 
the S-locus from the SI Lycopersicon hirsutum in SC 



® 2002 Blackwell Publishing Ltd 



985 



986 M. O'Brien et a!. 



L esculentum (Bernatzky et ai, 1995), or the expression of 
an S-RNase from the SI L peruvianum in the SC L escu- 
lentum {Kondo etaL, 2002b). Conversely, when an S-allele 
from the SC Petunia hybridayNas introduced in SI P. inflata, 
it became functional in rejecting its corresponding self- 
pollen, indicating that factors expressed in the P/mflata 
SI genetic background were needed for the SI reaction to 
occur (At eta!., 1991). These results strongly suggest that 
other factors are necessary for the SI reaction to occur. 
Some of these factors that affect the SI response have been 
described in numerous SI systems and often been named 
S-locus inhibitors or modifiers (de Nettancourt, 1977). In 
S. chacoense, an S-locus inhibitor (Sli) has been mapped to 
the distal end of chromosome 12, but has not been cloned 
yet (Hosaka and Hanneman, 1998a,b). To date, the only 
modifier functionally characterized at the molecular level Is 
the HTgene, a stylar-expressed small asparagine-rich pro- 
tein in N.alata (McClure ef a/., 1999). The NaHT (Nicotiana 
alata HT) cDN A was isolated from a differential screen for SI 
stylar-specific transcripts, and antisense Nicotiana HT 
plants became SC, although they still expressed normal 
levels of stylar S-RNases. Recent correlative evidences from 
mRNA expression studies in Lycopersicon species also 
suggest the involvement of the HT modifier in SI (Kondo 
ef a/., 2002a, b). Here, we describe the characterization of 
HT homologues that are co-ordinately expressed with the 
S-RNases during pistil development In the SI species 
S. ctiacoenser and show that only the HT-B isoform is 
involved in SI. 



Results 

Isolation of the Solanum HT homologues and sequence 
comparison 

The ScHT-Aj, ScHT-A2and Su-f^NasecDNAs were isolated 
from a pollinated pistil cDNA library (see Experimental 
procedures section). The ScHT-Ai cDNA codes for a small 
protein of 99 amino acid residues with a highly predicted N- 
terminal signal peptide as determined from the SignalP 
algorithm (Nielsen etaL, 1997). The predicted cleavage site 
for ScHT-Ai is before Arg-25, producing a mature polypep- 
tide of 75 amino acids (8 kDa). The ScHT-zA^ cDNA is incom- 
plete in the 5' region, but would comprise all of the mature 
protein (77 residues, 8.3 kDa) as predicted from the ScHT- 
Ai-deduced cleavage site. Both ScHT-Ai and SCHT-A2 pre- 
dicted mature proteins are acidic with pis of 3.98 and 4.11, 
respectively. Amino acid sequence comparison of the pre- 
dicted mature polypeptides indicate that ScHT-Ai and 
SCHT-A2 are 96% identical (93% nucleotide sequence iden- 
tity) and most probably correspond to allelic variants of the 
same gene (see linkage analysis of the ScHT-A isoforms 
below). The ScHT-Bi isoform was obtained by PCR ampli- 



fication with an upstream primer located in the signal 
peptide region and a downstream primer located 3' of 
the predicted stop codon from the N.alata HT and $. cha- 
coense HT-Ai isoforms. The ScHT-Bi mature protein com- 
prises 79 amino acids (MW, 8.7 kDa) with an acidic pi of 
4.67, and is approximately 51% identical (57% similar) at the 
amino acid level to the ScHT-A isoforms. No N-glycosyla- 
tion sites are found on either polypeptides, but six cysteine 
residues that could be involved in disulfide bonding are 
conserved between all HT homologues, except from the 
S. pinnatisectum B^ isoform that lacks one cysteine, and are 
found flanking a striking C-terminal region containing 16- 
20 Asp (D) or Asn (N) residues. In the mature ScHT proteins, 
asparagine and aspartic acid residues account for roughly 
30% of the total amino acids. A sequence alignment of the 
deduced amino acid sequences corresponding to the 
mature protein region of the S. chacoense HT isoforms 
as well as HT homologues from other SI solanaceous 
plants, including L peruvianum, N.alata, S. pinnatisectum, 
S. bulbocastanum and from the SI species S. tuberosum, is 
shown in Figure 1(a). All Solanum and Lycopersicon 
sequences were obtained by PCR amplification with the 
same primer pairs as described for the amplification of 
ScHT-By, Although all the HT sequences share some spe- 
cific structural features, e.g. a C-terminal Asn/Asp-rich 
region flanked by conserved cysteine residues, they can 
be easily classified in two groups when the amino-terminal 
half of the protein is considered. Based on the CLUSTALX 
alignment, a phylogenetic analysis was performed to deter- 
mine if this preliminary classification would hold true. 
Figure Kb) shows that all the B isoforms fell into a highly 
supported cluster, while more sequence data would be 
needed to determine if the A-type sequences form one or 
more group. Interspecific amino acid sequence identities 
between the predicted mature polypeptides ranges from 76 
to 86% in the A-isoform group, and 36-92% in the B-isoform 
group. The ScHT-Ai and ScHT-Az (94%), SbHT-B, and 
SbHT-Bj (98%) and SpHT-B, and SpHT-Bj (97%) are most 
probably alleles of the same genes in their respective 
species. When the only non-Solanum sequence is removed 
(NaHT-B), the B-isoform group sequence identity is in the 
range of 77-92%. One surprising feature is the very high 
conservation of the predicted signal peptides between 
species, as determined from the available complete HT 
cDNA sequences {ScHT-A^, NaHT-B, LpHT-A^ and LpHT- 
Bi), ranging from 66 to 100% identity (82-100% similarity), 
when compared to the mature protein sequences (data not 
shown). This intriguing situation is also observed with the 
sporophytic SI (SSI) pollen 5 gene where the signal pep- 
tides are also far more similar to each other (mean of 77% 
identity and 89% similarity) than the mature protein 
sequences (29% identity and 38% similarity on average) 
when the sequences of five different SSI pollen S genes are 
compared (Schopfer ef aL, 1999; Takayama ef a/., 2000). 
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Figure 1. Sequence alignment (a) and phylogenetic analysis (b) of the deduced mature protein sequences of ScHT-A^^, SCHT-A2 and ScHT-B^ with related 
sequences from other solanaceous species. 

(a) CLUSTALX alignment was used to produce a phylogenetic analysis of related HT sequences in six solanaceous species. 

(b) A jacknife analysis using Paup 4.08b was used to produce the phylogram which is shown. 



Tissue-specific and developmental regulation of the 
ScHT modifiers 

Tissue-specific expression of ScHT-A and ScHT-B isofornns 
was determined using RNA extracted from different tissues 
of S. chacoense. Since the ScHT-yA? and ScHT--^^ cDNAs are 
93% identical at the DNA level, the RNA-gel blot analyses 
most probably reflect the expression of both genes, 
although the probe used at all time was ScHT-A-^. Overall 
DNA sequence identity between the ScHT-A and Sc-HT-B 
isoforms is around 73%, and long stretches of identity 
might also produce cross-hybridization. In order to avoid 
this, an oligonucleotide specific to the B isoform and cor- 
responding to the N-terminal sequence, PSLPLLEA, was 
synthesized. Both ScHT-A and ScHT-B isoforms are almost 
exclusively expressed In styles with very weak expression 
detected in ovary upon prolonged exposures (data not 
shown). No ScHT'A or B mRNAs could be detected in leaf, 
stem, root, petal, anther, pollen or pollen tube tissues (data 
not shown). This expression pattern is identical to the one 
observed for the S-RNases (Matton ef a/., 1998). Since the S- 
RNase genes are themselves developmentally regulated 
during anthesis (Anderson et aL, 1986; Cornish et ai, 
1987), we determined the RNA expression pattern of 
ScHT-A and ScHT-B, and compared with the one obtained 
from Si4-flA/ase (Figure 2a, b). Both ScHT isoforms and the 
S-\4-RNase are identically regulated during pistil develop- 
ment and reach a maximum level of expression around 
anthesis day (Figure 2a, b). Figure 2(a,b) also shows that, in 
unpollinated flowers, ScHT-A, ScHT-B and Si4-/?A/ase 
mRNA levels decline from around 2 days after anthesis, 
coinciding with a reduced fertilization receptivity. 

In S-RNase-mediated GSI, rejection of the pollen tubes 
mostly occurs in the top half of the style. To determine if 



there could be a correlation with pollen tube arrest and the 
expression levels of genes involved in SI, mRNA levels of 
ScHT-A and S^4-RNase were measured in the upper and 
lower halves of styles around peak expression time (Fig- 
ure 2c). Both genes were more strongly expressed in the 
upper half of the style, consistent with the site of most 
pollen tube arrest as determined by aniline blue staining in 
S. chacoense styles (Matton ef a/., 1999). 

Effect of compatible and incompatible pollination on 
ScHT and S-RNase gene expression 

In many species, pollination is known to Induce deteriora- 
tion and death of the secretory cells in the stigmatic region 
and in the transmitting tissue of the style (Cheung, 1996). 
We have previously shown that some genes that respond to 
pollination, also respond to wounding stress and wound 
hormone treatments, mainly jasmonates (Lantin et al., 
1999a, b). Wounding, as well as wound hormone treatment 
(JA, ABA, MeJA) and elicitors of defense responses (sal- 
icylic acid, arachidonic acid), had no effect on either ScHT-A 
or S^4'RNase mRNA levels (data not shown, except for 
wounding in Figure 2d). Expression of these genes thus 
seemed to be exclusively controlled by developmental cues 
during pistil maturation, except for a differential response 
toward the type of pollination. ScHT-A and S-RNases 
responded differentially to a compatible or an incompatible 
pollination. In Figure 2(d), flowers were pollinated with 
either compatible or incompatible pollen and tissues were 
harvested 48 h later. For the wounding treatment, the upper 
part of the style including the stigma was slightly crushed 
with tweezers and tissues were also harvested 48 h later. 
Following a compatible pollination, or wounding, both 
ScHT'A and S^-RNase mRNA levels declined similar to 
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the developmentally regulated decrease observed in unpol- 
linated flowers (compare Figure 2a,d). An incompatible 
pollination had the opposite effect. The ScHT-A and Su- 
RNase mRNA levels stayed as high as found on anthesis 
day, Indicating that the developmentally programmed 
decrease in S-RNase and ScHT mRNA levels could be 
reversed, at least transiently, following an incompatible 
pollination. 

Polymorphism of tfie HT modifiers and linkage to the 
S-locus 

Using the ScHT-AjcDUA insert as a probe, an Fi population 
from a parental cross (S11S12 x S13S14) was tested for poly- 
morphism and linkage to the S-locus. A fraction of the Fi 
progeny tested is shown in Figure 3. The S-RNase genotype 
of the progeny had been determined previously (Rivard 
ef a/., 1994) and was confirmed by PCR analyses with allele- 
specific primers (data not shown). The ScHT-A gene is high- 
ly polymorphic as four different RFLPs could be detected in 
these plants. Although four different S-alleles also segregat- 
ed in this population, the ScH7-4alleles were completely un- 
linked to the S-locus, as any combination of ScHT-A alleles 
could be found with all four S-RNases in this population. 
The same population was re-probed with the ScHT-S cDNA. 
Two new RFLPsspecifictotheBformwereobserved (data not 
shown). Although cross-hybridization does occur between 
the ScHT-A and ScHT-B cDNA probes (data not shown), no 
single RFLP could be linked with the S-RNase gene. 




(d) 

18$ ' 



Figure 2. RNA expression analysis of ScHT transcript levels in styles. 

(a) Developmental expression pattern of ScHT-A and Su-flWase mRNA 
levels in unpollinated pistil tissues. ScHT-A and S^-RNase transcript levels 
were determined by RNA-gel btot analysis of unpollinated pistil tissues. 
3 days before anthesis (-3) to 2 days (+2) after anthesis. Ten micrograms of 
total style RNA from each developmental stage was probed with the ScHT- 
Ai cONA insert, stripped and re-probed with the Su-/7A/ase cDNA Insert. 

(b) Developmental expression pattern of ScHT-B mRNA levels in unpolli- 
nated pistil tissues. Same conditions as in {a), except that an identical RNA- 
gel blot was probed with the ScHT-B^ specific oligonucleotide. 

(c) Differential expression of ScHT-A and Su-RNase transcript levels in 
upper and lower part of the style. ScHT-A and S^-RNase transcript levels 
were determined by RNA-gel blot analysis in upper and lower halves of 
styles collected 2 (-2) and 1 day {-1) before anthesis. Conditions same as in 
(a). 

(d) Effect of compatible and incompatible pollination on ScHT-A and Su- 
HNase transcript levels. ScHT-A and Si4-ftA/ase transcript levels were de- 
termined by RNA-gel btot analysis in unpollinated styles at anthesis day (0), 
in styles collected 48 h after a fully compatible {S11S12 x S13S14) pollination 



Two-hybrid analysis of ScHT and S-RNase protein 
interaction 

A few putative roles have been proposed for the N. alata HT 
protein (McClure et al, 1999). Recently it was shown that S- 
RNases, in both compatible or incompatible interactions, 
are taken up by pollen tubes, but the entry mechanism Is 
still unknown (Luu ef a/., 2000). One possibility is that other 
stylar factors involved in SI, such as the HT protein, could 
accompany or interact directly with the S-RNases as they 
are being transported into the growing pollen tubes. Since 
HT proteins from either S.chacoense or N. alata are fairly 
acidic proteins with pi around 4, and since S-RNases are 
basic proteins (S^-RNase mature protein, predicted pi is 
9.12), ScHT proteins could Interact directly with S-RNases, 
albeit not in a sequence-specific manner, as determined by 
the linkage analysis (Figure 3). Another possibility would be 
that the HT proteins could interact with the pollen tubes and 



Rgure 2. continued 

(48/C), in styles collected 48 h after a fully incompatible (S^Su x SisSu) 
pollination (48/1) and in styles collected 48 h after wounding (48/W). Condi- 
tions same as in (a). To ascertain equal loading conditions, all RNA-gel blots 
were stripped and re-probed with an 188 ribosomal cDNA probe from 
5. chacoense. 
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Figure 3. DNA-gel blot analysis of ScHT-A and linkage analysis with the S- 
locus. 

Left panels: genomic DNA (10 ^ig) from S. chacoense leaves isolated from an 
Fi population (S11S12 x Si3Si4) segregating for four S-alleles was digested 
with HindW and probed with the ScHT-zA, cDNA insert (upper panel). Identitical 
DNA-gel blots had been previously probed with the corresponding S-RNase 
cDNAs to determine the genotype of the plants (labeled on top of each lane) 
and tested by crossing. One S-allele hybridization is shown for the Su-f^Nase 
(lower panel). Molecular sizes of the fragments appear on the right. 
Right panel: schematic drawing of the banding pattern of the four ScHT-A 
alleles. 



facilitate S-RNase uptake. To test if the HT protein can 
interact directly with the S-RNase, the ScHT-A^ and 
ScHT-Bj cDNAs were PGR amplified with or without the 
putative signal peptide, and inserted in frame downstream 
of the yeast GAL4 DNA-binding domain in the pBDGAL4 
vector. Since the linkage analysis (Figure 3) showed that all 
combinations of ScHTs and S-/?A/ases could be found in the 
segregating population, this strongly suggested that no 
allele-specific interactions would be expected. Thus, a sin- 
gle S-RNase gene was used to test putative protein-protein 
interactions between the ScHT and S-RNase protein pro- 
ducts. A modified Sn-ffWase that was previously produced 
by site-directed mutagenesis was fused to the yeast GAL4 
activating domain in the pADGAL4 vector. Because of their 
intrinsic ribonuclease activity, the Sn-RNase used in the 
two-hybrid analysis was mutagenized to remove one his- 
tidlne residue involved in the active site of the enzyme (C3 
domain) and replaced with a leucine, thus abolishing the 
ribonuclease activity that could have prevented proper 
growth in yeast cells. No direct interaction could be 
detected between the ScHT-A protein, with or without 
the predicted signal peptide, or the ScHT-S protein without 
the predicted signal peptide and the modified Sn-RNase, as 
no yeast growth could be observed on histidine-depleted 
media (data not shown). 

Molecular characterization of the antisense 
Solanum HT-A plants 

To determine if the function of the ScHTgenes is conserved 
in solanaceous species other than N.alata, antisense HT-A 
plants were produced. The ScHT-A^ cDNA was inserted in 
the antisense orientation downstream of the CaMV 35S 
promoter with doubled enhancer in the pBIN19 vector and 
flanked by the nopaline synthase terminator. S. chacoense 
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Figure 4. RNA expression analysis of ScHT transcript levels in styles of 
ScHT-A antisense transgenic plants and genetic cross results. 
ScHT-A and ScH7-Btranscript levels were determined by RNA-gel blot ana- 
lysis of unpollinated styles at anthesis day from 27 antisense ScHT-A^ trans- 
genic plants. Control plant (C) isthe untransformed host (genotype S12S14). Alt 
crosses were done on at least 10 flowers with pollen fronn a fully compatible 
plant (genotype S11S13) or a fully incompatible plant (genotype Si2Si4).Ten 
micrograms of total style RNA from each plant was probed with the ScHT-Aj 
cDNA insert and the ScHT-B^ specific oligonucleotide. Equal loading con- 
ditions were verified with an 188 ribosomal cDNA probe from S. chacoense. 



plants of S12S14 genotype were transformed with Agrobac- 
terium tumefaciens LBA4404 strain containing the ScHT-A^ 
antisense construct. Twenty-seven primary transformants 
were selected. Because ScHT-A and ScHT-B share 73% 
nucleotide sequence identity, and since stretches of perfect 
identity are found between these two sequences, some 
antisense lines for ScHT-A might also be suppressed in 
ScHT-SmRN A accumulation, Figure4shows RNA-gel blots 
of these 27 transgenic plants probed with either the ScHT- 
A-i complete cDNA or the ScHT-B^ specific oligonucleotide, 
and the results of the genetic crosses with either compatible 
or incompatible pollen are shown below. In some antisense 
lines where ScHT-A mRNA accumulation had been sup- 
pressed, ScHT-B levels were also affected, albeit to a lesser 
extent (AS plant #4 and 9). Although numerous plants 
showed strong reduction in ScHT-A mRNA levels (plants 
#3-5, 9, 29), none set seeds upon self-pollination. 

Molecular characterization of the RNAi 
Solanum HT-B plants 

Because antisense S. chacoense HT-A plants did not be- 
come SC, even with an almost 15-fold reduction in ScHT-A 
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RgureS. RNA expression analysis of ScHr transcript levels in styles of 
ScHT-B RNAi transgenic plants and genetic cross results, 

(a) ScHT-A and ScHf-S transcript levels were determined by RNA-gel blot 
analysis of unpollinated styles at anthesis day from 16 RNAi ScHT-B-i 
transgenic plants. Control plant (C) is the untransformed host (genotype 
S12S14). Ten micrograms of total style RNA from each plant was probed with 
the ScHT-Aj cDNA insert and the ScHT-By specific oligonucleotide. Equal 
loading conditions were verified with an 18S ribosomal cDNA probe from 
S. chacoense. 

(b) Genetic cross results with pollen from SI or SC plants. All crosses were 
done on at least 10 flowers per plant on anthesis day, with pollen from a fully 
compatible plant (genotype StiSia) or a fully incompatible plant {genotype 
S12S14). The plus (+) sign indicates a fully compatible pollination: crosses 
were successful and seed set occurred in more that 90% of the pollinated 
flowers. The minus (-) sign indicates a fully incompatible pollination: no 
crosses were successful and no seed set occurred. For intermediate phe- 
notypes, the number of successful pollination leading to seed set per flower 
pollinated is indicated. 

(c) Genetic cross results with pollen from a SI plant after repeated pollination 
(multiple pollination). Same as in (b) except that the flowers were repeatedly 
pollinated with pollen from a fully SI parent (genotype Si2St4)> Pollination 
was done on anthesis day, and then after 24, 48 and 72 h. 



transcripts {ScHT-A AS plant #9, as determined by densito- 
metric scans), and since correlative evidences showing 
weak or complete loss of expression of HT-B homologues, 
but not of HT-A homologues in some SC Lycopersicon 
species, have been recently obtained {Kondo et aL, 
2002a,b), we also decided to target the ScHT-B gene 
through an RNA interference (RNAi) strategy. The ScHT- 
B} cDNA was inserted first in the sense orientation down- 
stream of the CaMV 35S promoter, followed by a 327-bp 
spacer, and by the ScHT-B^ cDNA again, but in the anti- 
sense orientation. This RNAi construct was then inserted in 
the Atumefaciens LBA4404 strain and used to transform 
S. c/iacoense plants of the Si2Si4 genotype. Sixteen primary 
transformants were initially selected. All ScHT-B RNAi lines 
were cross-pollinated with pollen from fully compatible 



(S11S13) or fully incompatible (S12S14) genotypes. Two 
plants (#2 and #3) sired seeds upon self-pollination (pollen 
from genotype S12S14), and could be scored as partially or 
semi-compatible (Figure 5b). ScHT-A and ScHT-B mRNA 
levels were then determined in mature flowers at anthesis. 
Figure 5a shows an RNA-gel blot of all the transgenic plants 
probed with either the ScHT-Aj complete cDNA or the 
ScHT-Si-specific oligonucleotide, and the results of the 
genetic crosses with either compatible or incompatible 
pollen (Figure 5b). Unlike the ScHT-A antisense experiment 
(Figure 4), the RNA interference strategy specifically tar- 
geted the ScHT-B transcript as no significant variation in 
the ScHT-A mRNA levels could be observed (Figure 5a). 
Only the transgenic plants with the most reduced ScHT-B 
mRNA level became partially SC (plants #2 and 3), suggest- 
ing that a threshold level of ScHT-B '\s necessary to maintain 
the SI phenotype, and that only the HT-B isoform is 
involved in GSI. 

The ScHT-B gene affects flower longevity and stylar 
abscission following an incompatible pollination 

One intriguing observation, following an incompatible pol- 
lination, was that flowers of ScHT-B RNAi plants that had 
lower levels of ScHT-S transcripts, stayed much longer on 
the plant than control or transgenic plants not affected in 
ScHT-S mRNA levels (plants #4, 7, 9 and 15). Under normal 
conditions, abscission of unpollinated flowers in S. cha- 
coense occurs approximately 5 days after anthesis (Fig- 
ures, unpollinated G4). After a compatible pollination, 
ovary swelling is clearly detectable 3 days after pollination 
and stylar abscission occurs approximately 4 days after 
pollination (Figures, V22 x G4). Following an incompatible 
pollination, abscission is delayed by an average of 24 h 
when compared to unpollinated flowers (Figure 6, 
G4xG4). In ScHT-S-suppressed lines, flower abscission 
was further delayed and only occurred after an 8-9-day 
period following initial pollination (data not shown). This 
extended flower longevity phenotype caused by a lower 
than normal ScHT-B mRNA level prompted us to re-exam- 
ine pollination behaviour with SI pollen under a multiple 
pollination scheme. In this experiment, ScH7-6 transgenic 
plants and untransformed control plants were pollinated on 
anthesis day, and then on the following 3 days with similar 
pollen load. Fruit formation was then monitored from day 6 
to 12 after pollination. As a control, the transformation host 
genotype was also repeatedly pollinated. Even after multi- 
ple pollination, the untransformed plant (control) and the 
transgenic plants not affected in ScHT-B levels (plants #4, 7, 
9 and 15) never sired seeds, indicating that multiple polli- 
nation alone, even over a 72-h period, was not sufficient to 
bypass the SI recognition and rejection system (Figure 5c). 
For the remaining 12 transgenic plants with altered level 
of ScHT-B mRNA, a total of nine plants were scored as 
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Figure 6. Pistil morphology of ScHT-S transgenic and control plants after SI and SC pollination. 

Floral and stylar abscission was monitored, from one day after anthesis or from one day after pollination for control plants, and for three transgenic plants (T-2, 
T-5 and T-10) until day 10. In all cases, pollination was performed with pollen from the G4 line (genotype 812814). Five flowers per plant and per day (except for the 
V22 X G4 cross) were hand pollinated on consecutive days and, for the remaining flowers, dissected at the end of the time-course. Only the remaining floral parts 
at the end of the time-course are displayed. ND, not determined. Once, single pollination. Repeated, consecutive pollination on day 0-2 and if possible on day 3, 
depending on the corolla closure. 





semi-compatible (plants #2, 5, 6, 8, 10-13 and 16) upon 
repeated pollination with fully Incompatible pollen (geno- 
type S12S14). Floral and stylar abscission were also mon- 
itored, from one day after anthesis or from one day after 
pollination for control plants and three transgenic plants 
{T-2, T-5 and T-10) that showed a SC behaviour following 
self-pollination. Five flowers per plant and per day were 
hand pollinated on consecutive days in order to collect all 
samples on the same day (except for the unpollinated 
control plant and the fully compatible cross V22 x G4). As 
such, with the remaining flowers at the end of the 10-day 
period, the whole time-course was displayed. Pistil mor- 
phology for these plants is shown in Figures. Transgenic 
plants, T-2, T-5 and T-10, clearly showed an increased stylar 
longevity, with turgid styles that appeared receptive to 
pollination until day 7 or 8, after pollination. Furthermore, 
stylar abscission from the developing fruit was also 
delayed, with some styles still attached even after withering 
(Figures, plants T-2 and T-5 on day 9 and 10; plant T-10 on 
day 9). When compared to a fully compatible cross 
(V22 X G4), fruit formation was also delayed in self-polli- 
nated T-2, T-5 and T-10 transgenic plants. These results 



confirm the involvement of the ScHT-B gene In SI and 
suggest that it might act through an increased flower 
receptivity period. 

Discussion 

Mechanisms underlying the breakdown of GSI have been 
recently reviewed and grouped in three broad categories 
(Stone, 2002). First, loss of SI occurs following the duplica- 
tion of the S-locus and the presence of heterozygous pollen 
(heteroallelicforthe S-locus) (Golz at aL, 2000). Secondly, 
mutations affecting either the expression of the S-RNase or 
its activity also lead to a SC phenotype (Royo etah, 1994). 
Thirdly, mutations not affecting the enzymatic activity of 
the S-RNase have also been described at the genetic level 
and include many so-called modifier loci. Numerous 
experiments have demonstrated that although the S-RNase 
is responsible for pollen recognition and rejection in the 
style (Lee ef a/., 1994; Matton etaL, 1997; Matton ef a/., 1999; 
Murfett etal., 1994), other stylar factors are also necessary 
for the proper expression of the SI phenotype (Ai et aL, 
1991; Bernatzky ef a/., 1995; Kondo ef a/., 2002b; Murfett 
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era/., 1996). Such factors, often considered as modifier loci, 
are present in the genetic background of SI plants, unlinked 
to the S-locus, and have often been lost in SC relatives of SI 
species. Complementation phenomena of the genetic back- 
ground have been described in Lhirsutum where the Fi 
population from two independent SC accessions were all 
SC, while SI offsprings could be recovered in the F2 gen- 
eration from these plants, strengthening the multigenic 
nature of the gametophytic SI (Ricks and Chetelat, 1991). 
One such candidate for a modifier gene is the N. alata HT 
gene (McClure et al, 1999). The N a HT ger\e was cloned 
based on a differential screen between stylar expressed 
mRNAs from SC N. plumbaginifolia and an SC accession of 
N. alata that is defective in S-RNase expression but that is 
competent to express SI (Murfett et ai. 1996). Anti-sense 
A/aH7 plants with reduced level of the HT protein but with 
normal levels of S-RNases were either fully or partially SC 
(McClure etai, 1999). This strongly suggests that the NaHT 
gene is a good candidate for such a modifier factor neces- 
sary for the SI reaction to occur. In the present study, we 
have characterized A/aWrhomologues from four different 
Solanum species, and have focussed our attention on the 
putative function of the S.cbacoense HT homologues 
{ScHT-Aan6 ScHT-B) in GSI. 

Phylogenetic analyses of the isolated NaHT homologues 
clearly demonstrated that two different HT isoforms exist 
and that isoform B is probably the most closely related to 
the NaHTgene. All the HT proteins shared some common 
features. Firstly, a highly conserved N-terminal region that 
is strongly predicted to be a signal peptide. The sequence 
conservation was high enough to originally derive PCR 
primer pairs from only the NaHT and ScHT-A-i sequences, 
and amplify both HT isoforms from numerous Solanum 
(this study) and Lycopersicon species (Kondo et al., 
2002a,b). Secondly, all HT homologues possess a C-term- 
inal region composed of consecutive stretches of aspara- 
gine and aspartic acid residues, flanked by conserved 
cysteines probably involved in disulfide bridges. Although 
sequence identity is quite variable, ranging from 36 to 92% 
in the B-isoform group (77-92% when only Solanum 
sequences are considered), the overall structure conserva- 
tion combined with identical expression pattern would 
suggest that the ScHT-B isoform and the NaHT protein 
are probably true orthologues. Both ScHT-A, ScHT-B and 
NaHT are almost exclusively stylar-expressed as for the S- 
RNases, and all are developmentally regulated during pistil 
maturation (this study and McClure et al„ 1999). Interest- 
ingly, we found higher expression levels of both ScHT and 
S-RNase genes in the upper style region (Figure 2c), con- 
sistent with the pattern of pollen tube arrests that occurs in 
the top half of the style in S. chacoense {tAatXon etal., 1999). 
The developmental regulation of S-RNase transcripts accu- 
mulation enables the production of selfed progeny in some 
GSI species when using very young flower buds (bud- 



pollination), but is very difficult to achieve in S. chacoense. 
One reason could be the elevated level of both S-RNase and 
HT transcripts, even 2 days before anthesis, and detectable 
3 days before anthesis, combined with a preferential upper 
style accumulation. One intriguing observation was the 
differential expression pattern of both S-RNase and HT 
transcripts following an incompatible pollination compared 
to an unpollinated or a compatibly pollinated flower (Fig- 
ure 2d). As the flower ages, S-RNase and HT transcript 
levels decreases markedly, but low expression levels coin- 
cide with reduced fertilization receptivity, and eventually, 
flower abscission. Surprisingly, S-RNase and ScHT-A tran- 
script levels do not decrease following an incompatible 
pollination (for at least 2 days after pollination. Figure 2d), 
and this cannot be the result of only stigmatic and transmit- 
ting tissue deterioration and death, since this is also 
induced by a compatible pollination. Furthermore, mechan- 
ical wounding or wound hormone treatments had no effect 
on S-RNase and ScHT-A transcript levels. This strongly 
suggests that the presence of dead pollen tubes or mole- 
cules liberated from the arrested pollen tubes, either 
increase the transcription of these genes, or reduce their 
mRNA turnovers, ensuring that the S-RNases and HT pro- 
teins are still present in sufficient amount to reject newly 
incoming pollen from incompatible genotypes. The main- 
tenance of high steady-state levels of S-RNases and ScHT 
mRNAs following an initial incompatible pollination, would 
also lead to a prolonged reproductive barrier, an important 
issue since flower senescence is retarded following an 
incompatible pollination (Figured, G4xG4). 

In order to determine the role of the ScHT genes in SI, 
functional analysis of ScHT-A and ScHT-B protein-protein 
interactions with an S-RNase were tested in the yeast two- 
hybrid system, and transgenic plants with strongly sup- 
pressed levels of both isoforms were generated. Although 
ScHT-A and ScHT-B deduced mature proteins have acidic 
pis and the S-RNase is basic (predicted pi = 9.25 for S^- 
RNase mature protein), no direct interactions based either 
on specific or electrostatic attractions could be detected in 
the two-hybrid system, as no yeast growth could be 
observed, with or without the predicted signal peptide. 
Such direct interaction had also not been detected with 
the purified HT protein from N. alata, although in that case, 
the NaHT protein appeared to be unstable in stylar extracts 
(McClure ef a/., 1999). Both results suggest that HT proteins 
and S-RNases do not interact directly. 

Recently, correlative evidences for the involvement of the 
NaHT homologues in Lycopersicon species have been 
obtained (Kondo etal., 2002a,b). In the three Lycopersicon 
St species tested, all expressed functional S-RNases as well 
as HT'A and HT-B mRNAs. In the seven Lycopersicon SC 
species tested, no or low stylar ribonuclease activity was 
observed. This alone would most probably be sufficient 
to explain their SC phenotype, since a threshold level of 
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S-RNase expression is necessary to confer an SI phenotype 
(Lee et al, 1994; Matton ef a/., 1997). Intrlguingly, in the 
seven Lycopersicon SO species tested, transcription of the 
HT-B isoform was either weakly or not detected at all, and 
the HT-B isoform produced had internal stop codons, while 
the HT-A isoform was strongly expressed at the mRNA 
level, although some SC species also produced defective 
(frame-shifted) HT-A transcripts. Apart from the N.alata 
transgenic antisense lines, no other functional analysts had 
been made priortothe one presented here. In N. alata, plants 
with reduced levels of the NaHT protein were either fully or 
partially SC, suggesting that the amount of NaHT protein is 
important (McClure etal., 1999). In the present study, anti- 
sense ScHT-A and RNAi ScHT-B plants were generated. 
Figure 4 showed that even with a 15-fold decrease in ScHT- 
A mRNA levels, ScHT-A AS plant #9 remained SI. ScHT-B 
mRNA levels in that transgenic line were also affected, al- 
though to a lesser extent. This could suggest that a threshold 
level of ScHT-B is sufficient to maintain an SI phenotype. In 
a second series of experiments, ScHT-B suppression was 
achieved through an RNAi strategy. Unlike the antisense 
plants, the ScHT-BRNAi plants were only affected in ScHT- 
BmRNA expression (Figure 5). Plants with severely reduced 
ScHT-B transcripts became SC and sired seeds upon polli- 
nation with pollen from an incompatible genotype. RNAi 
plant #2 had the most severely reduced ScHT-B mRNA 
levels and consistently set seeds upon self-pollination. 
RNAi plant #3 had a less stable phenotype, and only sired 
seeds occasionally. Although at first only two plants became 
partially SC upon selfing, all the transgenic plants with 
reduced ScHT-B mRNA levels also showed an extended, 
albeit slightly variable, floral longevity upon pollination 
with incompatible pollen. This observation led to the hypo- 
thesis that the ScHT-B gene could be involved in modulat- 
ing the receptivity period of the flower, perhaps through a 
control over the abscission of the floral organs. This 
increase in floral longevity, and in particular in stylar tur- 
gescence and receptivity might partially explain the SC 
phenotype since it could increase the chances of pollen 
tubes to reach the ovary. To test this, repeated pollination 
were performed on 3-4 consecutive days, on the 16 RNAi 
ScHT-B transgenic plants and control plants. None of the 
ScHT-B transgenic plants unaffected in ScHT-B mRNA 
expression, or the untransformed control plant, had an 
extended floral longevity and none were fertilized upon 
selfing. Of the remaining 12 transgenic plants expressing 
reduced levels of ScHT-B mRNA, nine were able to sire 
seeds. Fruits formed on these plants were smaller than the 
ones obtained from a compatible cross, and after lOdays, , 
were comparable in size with fruits produced from a com- 
patible pollination after 6 days (Figure 6, compare the fruits 
from plants T-2, T-5 and T-10 with the ones from the i 
V22 X G4 cross). These results are entirely consistent with i 
our hypothesis that reduced level of ScHT-B mRNA affects , 
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the receptivity period of the flower and that the SC pheno- 
type observed in ScHT-S transgenic plants does not result 
only from the developmentally regulated decrease in both 
S-RNase and ScHT-B mRNA levels (Figure 2a,b), since 
repeated incompatible pollination could not induce fertili- 
zation in control or unaffected ScH7-B transgenic plants. 
Furthermore, in N. alata HT antisense plants, pollen tube 
growth in the style is observed even when the S-RNase 
level is high, although in that case, fertilization and produc- 
tion of fruits could not be observed because the recipient 
plant used was a sterile hybrid between N. alata and 
N. plumbaginifolia and only pollen tube growth in the style 
was used to score the SI or SC phenotype. 

Our results clearly indicate that there is an increase in 
flower longevity and pollination receptivity, associated 
with a decrease in ScHT-B transcripts. One possibility 
would be that the HT-B isoform Is involved in a pathway 
regulating floral abscission. Pollination is known to affect 
the physiological state of the flower. Pollinated flowers 
(compatible) senesce rapidly compared to unpollinated 
flowers or those pollinated by incompatible pollen grains 
in the case of an SI plant (Gilissen, 1977; Singh etal., 1992). 
Early studies in Petunia ovaries showed an increase in 
polyribosomes activity, 6-12 h after pollination, well before 
the arrival of the pollen tubes in the ovary (approximately 
50h) (Deurenberg, 1976). Pollination-induced wilting of the 
corolla can be prevented if the style Is removed early after 
pollination (Gilissen, 1984). These and other results (Stead, 
1992) have led to the hypothesis that a pollination-induced 
signal is transmitted through the pistil and precedes the 
growing pollen tube. Ethylene has been shown to have a 
strong effect on flower abscission in solanaceous species 
(van Doom, 2002a, b). Furthermore, pollination itself 
induces ethylene synthesis (Hall and Forsyth, 1967), and 
it has been shown that in P.hybrida, pollination induces 
two distinct phases of ethylene production in the flower 
(Singh et al., 1992). The first phase is common to both self- 
and cross-pollinated flowers and is dependent on pollen- 
borne ACC (ethylene precursor). The second phase results 
from denovo synthesis of ethylene from the flower and 
occurs 18 h after a compatible pollination. Following an 
incompatible pollination, the production of ethylene is 
delayed to 3 days after pollination (Singh etaL, 1992). Since 
RNAi ScHT-B plants showed delayed floral abscission, we 
tested these plants for alteration in the expression of ethy- 
lene-related genes. No differences could be observed in the 
expression pattern of two genes involved in ethylene bio- 
synthesis (ACC synthase and ACC oxidase), or in ethylene 
perception and signal transduction (ethylene receptor ETR1 
and EIL-3) in ScHT-B transgenic plants (data not shown). 
Since the ACC synthase and the ACC oxidase genes are part 
of multigene families (at least eight members for the ACC 
synthase and four members for the ACC oxidase in S. lyco- 
persicon) (Llop-Tous et ai, 2000), specific probes will need 
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to be designed for individual nfiembers in order to deter- 
mine if a given isoform is affected in ScHT-B mutant back- 
ground. 

From our results, we propose that the ScHT-B isoform is 
involved in at least two phenomena. Firstly, elevated levels 
of both S-RNases and ScH7-B would be necessary for the SI 
reaction to occur, as determined from McClure's work 
(McClure et ai, 1999) and from the phenotype of the 
ScHT-B RNAi plant T-2. When the ScHT-B mRNA levels 
are below a threshold level, pollen tubes would be able 
to reach the ovary and effect fertilization. The developmen- 
tally regulated decrease in both S-RNase and ScHT mRNA 
levels (Figure 2a,b) would normally lead to an SC pheno- 
type in aged flowers, but is counterbalanced by floral 
abscission. The increase in both S-RNase and ScHT mRNA 
levels following an incompatible pollination (Figure2d) 
would also ensure the maintenance of a strong reproduc- 
tive barrier over a longer period of time. This could be of 
importance since flowers pollinated with incompatible pol- 
len last longer by an average of 1 day on the plant than 
unpollinated flowers (Figure 6, G4 x G4), and the receptivity 
period for a successful pollination is normally limited to the 
first 2-3 days after anthesis. Secondly, the ScHT-B RNAi 
transgenic plants display a novel phenotype that includes a 
longer floral longevity with delayed stylar abscission and, 
perhaps, more relevant for the SC phenotype of those 
plants, the persistence of turgid styles, even 9 days after 
anthesis (Figure 6). This phenotype, observed in plants with 
reduced levels of ScHT-SmRNAs, would enable pollen tube 
growth in older styles with reduced S-RNase level, pass 
their normal flower lifespan and pollination receptivity 
period. As suggested by McClure (McClure et ai, 1999), 
the HT protein could interact directly with pollen tubes and 
facilitate S-RNase uptake. Our two-hybrid results would 
support the fact that ScHT-B does not interact directly with 
the S-RNase. Furthermore, if the HT-B protein is involved in 
S-RNase uptake, a reduced level of HT-B protein would 
increase the number of pollen tubes not affected by the 
presence of the S-RNase, enabling fertilization to take place. 
This is entirely consistent with our results, since repeated 
pollination in ScHT-B RNAi plants increase the percentage 
of fertilized ovules. Although its mode of action still 
remains unclear, our data demonstrate a specific role for 
the HT-B isoform in SI and points towards a role in the 
control of flower senescence and abscission. 

Experimental procedures 

Plant material and transformation 

The diploid (2n = 2x = 24| S.chacoense Bitt. SI genotypes used 
included line 314 iSnSu), 582 {S13S14), G4 (S12S14) and V22 
(S11S13). Plants were grown in greenhouse with 14-16 h of light 
per day. Transformation was done as described previously and the 



transformation host plant was line G4 (Matton ef a/., 1997). The 
ScHT-yAicDNA was cloned in antisense orientation downstream of 
a CaMV 358 promoter with doubled enhancers (Skuzeski et al., 
1990) and flanked by the nos terminator in the pBIN19 vector 
(Bevan, 1984). For RNA interference experiments, a new vector 
was constructed. This new vector, called pDARTH (O'Brien and 
Matton, unpublished), includes a CaMV 358 promoter with 
doubled enhancers (Skuzeski ef al., 1990), an extended multiple 
cloning site and a 327-bp intron from a histone deacetylase (H02) 
gene from S.chacoense (our unpublished results). The ScHT-B^ 
cDNA sequence (324 bp) was cloned in sense and antisense orien- 
tation separated by the HD2 intron. 

Isolation of the ScHT cDNAs and PCR amplification of 
other solanaceous HT genes 

The $cHT-Ai, ScHT-A^and Sw-flA/asecDNAs were initially isolated 
from a pollinated pistil cDNA library using virtual subtraction (Li 
and Thomas, 1998). In this procedure, genes corresponding to low- 
expressed mRNA species are preferentially isolated. Because the 
initial screen was for rare mRNA species expressed in ovary 
tissues, and since the library also contained cDNAs expressed in 
styles, genes that were highly expressed in styles but only weakly 
expressed in ovaries were also recovered. A second screening 
round with a probe derived from stylar mRNAs, uncovered all of 
the stylar expressed genes, including the $cHT-Aj, SCHT-A2 and 
S^-ffA/ase cDNAs. For the isolation of the ScHT-B^ cDNA and of 
related sequences in other solanaceous species, three degenerate 
primers were designed based on the most conserved amino acid 
sequence of ScHT-Ay from S.chacoense and HT from N.alata 
(McClure et ai, 1999). The sequence of the upstream primers 
(HT-NS1: 5'-TTT CTT TGG TTC TT(A/T) TGA T{A^1A TAT CAT 
CA-3'; HT-NS2: 5'-ATA TCA TCA GA(A/G) GTT ATT GC(A/r) AGG 
GA(A/T) ATG-3') are derived from the predicted signal peptide 
sequence, and the sequences of the downstream primers (HT- 
C1 : 5'-TCC TTT ATT CAA CCA AT(C/T) TCA TAT TA-3'; HT-C2B: 5'- 
CAA AAA TAT TAC ATA ATA TTT TGT AGT CG-3') are derived from 
the C-terminus of the HT protein. The $. chacoense HT-Bl isoform 
was obtained by PCR amplification of cDNAs from a pollinated 
pistil library while HT isoforms from S. pinnatisectum, S.bulbo- 
castanum and S. tuberosum\Nere obtained by PCR amplification of 
genomic DNA. 



Isolation and gel hlot analysis of RNA and DNA 

Total RNA was isolated as described previously (Jones etai, 1985). 
RNA concentration was determined by measuring its absorbance 
at 260 nm and verified by agarose gel electrophoresis following 
ethidium bromide staining. To confirm equal loading of total RNA 
on RNA-gel blots, a 1-kb fragment of the S.chacoense 188 RNA 
was PCR amplified and used as a probe (Lantin et ai, 1999a). 
Genomic DNA isolation was performed via a modified CTAB ex- 
traction method (Reiter ef ai, 1992) or with the Plant DNeasy kit 
from Qiagen. DNA-get blot analysis, including restriction, electro- 
phoresis and capillary transfer to a positively charged nylon mem- 
brane (Hybond N+, Amersham Pharmacia Biotech, Bale D'Urfe, 
Quebec) were performed as described previously (Sambrook etai, 
1989). Hybridization of the membrane was performed under high 
stringency conditions at 65°C as described previously (Church and 
Gilbert, 1984) for 16-24h, and following hybridization, the mem- 
brane was washed at room temperature twice with 2X 88C/0.1% 
8DS for 30 min, twice with 1 X SSC/0.1% 8D8 at 50X for 30 min and 
twice with 0.1X S8C/0.1% SDS at 5SX for lOmin (IX 88C is 0.15m 
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NaCI, 0.015 m sodium citrate, pH7.0). RNA-gel blot analyses were 
performed as described in Sambrook et al, (1989), following the 
formaldehyde denaturing protocol. RNAs were capillary trans- 
fered to Hybond N-h nylon membranes and cross-linked 
(120 mJ cm~^) with a Hoefer UVC 500 UV Crosslinker. Hybridization 
of the membranes was performed under high stringency condi- 
tions at 45°C in 50% deionized formamide, 5X Denhardt solution, 
0.5% SDS, 200 ng ml"^ denatured salmon sperm DNAand 6X SSC 
for 16-24 h. Following hybridization, the membranes were washed 
at room temperature twice with 2X SSC/0.1% SDSforSO min, twice 
with IX SSC/0.1% SDS at 50°C for 30 min and twice with 0.1X SSC/ 
0.1% SDS at 55°C for 1 0 min. Probes for DNA-gel blot analysis were 
synthesized from random-labeled isolated DNA inserts (Roche 
Diagnostic, Laval, Quebec) with a-^^P dCTP (ICN Biochemicals, 
Irvine, CA). For RNA-gel blot analyses, cDNA probes were made 
with a-^^P dATP with the Strip-EZ DNA labeling kit (Ambion, 
Austin, TX) and oligonucleotide probes were labeled with y-^^P 
dATP {Sambrook et al., 1989). The membranes were autoradio- 
graphed at -85''Cwith one intensifying screen on Kodak Biomax 
MR film (Interscience, Markham, Ontario). 

Site-directed mutagenesis of the Sjj-flA/ase and yeast 
two-hybrid analysis 

A mutated Sn-RNase gene with the conserved His-114 residue 
(CAT) located in the C3 active site domain was converted to a 
leucine residue (CTT) by site-directed mutagenesis using the fol- 
lowing oligonucleotide (mutated nucleotide is underlined): 5'- 
CT/WVGCp"GGATCCTGCTGT-3' (Altered sites II in vitro mutagen- 
esis system, Promega, Wt). The original construct contained both 
the Sii intron and 3' end of the gene, and was expressed in 
transgenic S.cbacoense plants (Matton et al., 1997; Matton etal., 
1999) under the control of the style specific chitinase promoter 
(Harikrishna et al., 1996). The spliced His" Sn-RNase cDNA was 
recovered from reversed transcribed style mRNAs, and the coding 
region corresponding to the mature protein was PCR amplified 
(Pwo DNA polymerase, Roche Diagnostics, Laval, Quebec) and 
fused in frame with the DNA-binding domain of the GAL4 protein 
in the pBDGAL4 yeast vector (TRP1 selection marker) (Stratagene, 
LaJolla, CA). The ScHT-Ay coding region was PCR amplified with or 
without the predicted signal peptide and inserted in frame with the 
GAL4 activation domain in the pADGAL4 vector (LEU2 selection 
marker). For the ScWT-B construct, only the coding region without 
the predicted signal peptide was inserted in frame with the GAL4 
activation domain in the pADGAL4 vector. Integrity of the DNA 
constructs was verified by sequencing. The constructs were trans- 
formed sequentially in the yeast strain PJ69-4A (James etal., 1996) 
and selected through their ability to grow on Trp~ and Leu~ media. 
Protein-protein interaction assays were performed on media lack- 
ing Trp, Leu and His and on media lacking Trp, Leu and Ade. 
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Office Action, page 4, line 6. 

8. The Examiner also asserts that the Application provides only two examples of 
chimeric constructs which contain an intron. From this, [ understand that the 
Examiner believes that the Application does not describe a sufficient number of 
different possibilities for the chimeric dsRNA constructs claimed to allow a person 
skilled in the art to conclude that the inventors were in possession of the genus 
as broadly claimed. 

9. In my view a person skilled in the art most relevant to the claimed subject matter 
is a person with a PhD in the field of molecular biology of eukaryotes with at least 
three years post doctoral research experience. 

10.1 disagree with the Examiner for the following reasons. 

11. The Application teaches at least on page 23, lines 5 to 15 that the chimeric DNA 
constructs of the invention may comprise an intron in the transcribed region that 
encodes the double-stranded RNA molecule, that the inclusion of the intron 
enhances the efficiency of reduction of expression of the target nucleic acid of 
interest, and that the intron is preferably but not necessarily located in the spacer 
region. The Application also teaches on page 23, lines 13 to 15 that the Intron in 
a "pafticulariy preferred embodiment" is the Flaveria trinervia pyruvate 
orthophosphate dikinase 2 intron 2 as used in Example 6. It is clear to me that 
the teaching of the Application is not limited to this specific example or the 
particular intron. It is my firm opinion that on reading the Application, the person 
skilled in the art would have readily and immediately understood that the 
exemplified intron could be substituted for other introns well known in the art, and 
that other introns would function in the same manner. I\/loreover. the person 
skilled in the art would also have understood that the precise location of the intron 
in the transcribed region of the chimeric gene was not critical, given the fact that 
the intron would be spliced out of the transcribed RNA, yielding the RNA 
molecule comprising the double stranded RNA region. It is obvious to me and 
would be clear to the skilled person that splicing out of the intron- would lead to 
the same RNA molecule irrespective of the position of the intron in the 
transcribed DNA region. 

12. At the filing date of the application, numerous introns from a wide range of 
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eukaryotic organisms and genes were well known in the art and were well 
characterised. Furthermore, the mechanism of splicing of introns from primary 
transcripts was widely understood in the art. To evidence this, I refer to excerpts 
from a textbook widely used by post-graduate students during the years prior to 
1998. These excerpts (Exhibit 2) describe the structure and function of introns 

including4heir-splicing-from-primary_RNA-transcripts^(MoJeculaii3io^ 

Cell, second edition, pages 102; 486-487, 532-535.) 

13. As commonly taught in the art, as evidenced in Exhibit 2, introns were first 
discovered and reported in 1977 and in the following years were shown to be 
present in many eukaryotic genes. In most eukaryotic genes, the protein 
encoding sequences (exons) were found to be interrupted by non-coding 
sequences (introns). It was known that to produce a protein, a gene encoding the 
protein was first transcribed into an RNA molecule (the primary transcript) by 
transcription of both the exons and introns. Before or during transport of the RNA 
molecule from the nucleus to the cytoplasm of the cell, a complex of RNA 
processing enzymes removes the intron sequences, thereby producing a shorter, 
mature RNA molecule, which is then ultimately translated in the cytoplasm. This 
process Is commonly called intron splicing. The size of introns is commonly in the 
range of about 80 nucleotides to about 10 kilobases or more, and the internal 
sequence of introns is generally highly variable and not conserved. The only 
highly conserved sequences between Introns are those required for intron 
removal. Consensus sequences have been identified at both ends of almost all 
introns that are important in intron splicing. These conserved sequences are 
located at the boundaries of the intron sequence at the 5* end (donor site) and at 
the 3' end (acceptor site). The pathway by which the introns are removed has 
also been elucidated and is illustrated for example in Exhibit 2, page 534. 
demonstrating the involvement of a spliceosome which contains proteins as well 
as small nuclear RNA molecules, conserved in eukaryotic species. 

14. At the filing date of the application, a person of ordinary skill in the art would 
have been well aware of many different introns existed in eukaryote genes, that 
these introns were removed from the primary transcripts by a universally 
consen/ed RNA splicing pathway, and that the important structural features for 
the removal of introns from primary transcripts were highly conserved between 
different introns. Thus, a person of ordinary skill in the art would have appreciated 
the interchangeability of the intron that is specifically exemplified in the 
Application for any other intron sequence. Accordingly, given what was known at 
the filing date of the Application, a person of ordinary skill in the art would have 
appreciated from reading the Application that the chimeric DNA molecules of the 
invention could comprise any of a variety of introns and would have known of a 
wide variety of introns that could be used in place of the intron used in the 
example. 

15. Furthermore, it is my opinion that the person skilled in the art when reading the 
Application would have realized that the exact location of the intron in the 
transcribed region of the chimeric gene encoding the dsRNA gene silencing 
molecules was not critical for the obtained gene silencing effect, as such intron 
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sequences are removed from the primary transcripts during splicing, and tiiat the 
resultant spliced dsRNA molecule would be the same irrespective of the exact 
position of the intron in the transcribed region. Therefore, the chimeric genes 
would be expected to be functional irrespective of the position of the intron in the 
transcribed region. 



16. Therefore it is my firm opinion that when the person sl^illed in the art is taught by 
the present application to include an intron in the chimeric DNA, it would have 
been immediately clear to such person that the teaching of the Application is not 
limited to the specific intron sequence which was exemplified, nor to the preferred 
location which was exemplified. 

17. In support of my opinion expressed above, I am aware that many scientists have, 
subsequently, successfully used any of a variety of intron sequences in the 
transcribed region of the chimeric DNA by following the teaching of the 
Application as reported in Smith et al., (2000) (Exhibit 3). Examples of a number 
of such reports are attached as Exhibits 4 to 12. To me, this is clear and obvious 
evidence indicating that the teaching of the Application, in combination with the 
l<nown art conceming introns, described the invention in sufficient manner to 
allow numerous others, skilled in the art, to make and use the invention. 

18. In conclusion, it is therefore my opinion that a person of ordinary skill in the art 
would have concluded, judging at the filing date of the Application, that the 
Application adequately described all of the necessary features of the claimed 
subject matter in a manner sufficient to convey that the inventors were in 
possession of the invention as presently claimed. 

I also declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that wilful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such-wilful false 
statements may jeopardise the validity of this applicafion or any patent issued 
thereon. ^ ^ 
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as transfer HNAs iiHFsfAs, see p. 103) or form the RNA components of ribosomes 
(rRNA, see p. 104J or smaller ribonucleoprotein particles. 

The amount of KNA made from a paiiicular region of DNA is controlled by 
gene regulatory proteins that bind to specific sites on DNA close to the coding 
sequences of a gene (see p. 557). In any cell at any given time, some genes are 
used to make RNA In very large quantities, w^hile other genes are not transcribed 
at ail. For an active gene, thousands of KNA transcripts can be made from the 
.same DNA segment in each celJ generation. Because each mRNA molecule can be 
translated into many thousands of copies of a polypeptide chain, the information 
contained in a small region of DNA can direct the synthesis of millions of copies 
of a specific protein. The protein fibroin, for examphs, is the major component of 
silk. In each silk gland cell, a single fibroin gene makes 10* copies of mRNA, each 
of vt^hich directs the synthesis of 10^ molecules of fibroin — producing a total of 
10" molecules of fibroin in just 4 days. 

Eucaryotic RNA Molecules Are Spliced to Remove Intron Sequences^^ 

In bacterial cells most proteins are encoded by a single uninterrupted stretch of 
DNA sequence that is copied without alteration to produce an mRNA molecule. 
In 1977 molecular biologists wore astonished by the discovery that most eucaiyotjc 
genes have Iheij' coding sequences (called e?cons) interrupted by noncoding se- 
quences (called introns). To produce a protein, the entire length of the gene, 
including both its intmns and its exons. is fin»t transcribed into a veiy large RNA 
molecule — the primary transcript. Before this RNA molecule leaves the nucleus, a 
complex of RNA processing enzymes removes all of the intron sequences, thereby 
producing a much shoiler RNA molecule. After this RNA processing step, called 
RNA splicing; has been completed, the RNA molecule moves to the cytoplasm 
as an mRNA molecule that directs the synthesis of a particular protein (see 
Figure 3-13). 

This seemingly wasteful mode of information transfer in eucaiyotes is pre- 
sumed to have evolved because it makes protein synthesis much more versatile. 
For example, the pi iniaiy RNA transcripts of some genes can be spliced in various 
ways to produce different mRNAs, depending on the cell type or stage of devel- 
opment. This alluws different proteins to be produced from the same gene. More- 
over, because the presence of numerous introns facilitates genetic recombination 
events between exons, this type of gene arrangement is likely to have been pro- 
foundly impotlant in the early evolutionary history of genes — speeding up the 
process wheroby organisms evolve new proteins from parts of preexisting ones 
instead of evolving totally new sequences (see p. 602). 

Sequences of Nucleotides in mliNA Are "Read" in Sets of 
Three and Translated into Amino Acids'® 

The mics by which the nucleotide sequence of a gene is tr anslated into the amino 
acid sequence of a protein, the so-called genetic code^ were deciphered in the 
ear ly 1960s. The sequence of nucleotides in the'mRNA molecule that acts as an 
intermediate was found to be read in serial order in groups of three. F^ch triplet 
of nucleotides, called a codon, specifies one amino acid. In principle, each RNA 
sequence can be tr-anslated in any one of three different readingjrames depending 
on where the decoding process begins (Figure 3-14J. In almost every case, only 
one of these reading frames will produce a ftinctional protein. Since there arc no 
punctuation signals except at the beginning and end of the RNA message, the 
reading frame is set at the initiation of the translation process and is maintained 
thereafter. 

Since RNA is a linear polymer of four different nucleotides, there are 4^ = 64 
possible codon triplets (remember' that it is the sequence of nucleotides in the 
triplet that is important). However-, only 20 different amino acids are commonly 
found in pr-otcins, so that most amino acids are specified by several codons; that 
is, the genetic code is degenerate. The code (shown in Figur-e 3-15) has been highly 
i:onsoived during evolution: with a few minor excepUons, it is the same in orga- 
nisms as clivei-se as bacter ia, plants, and humans. 
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Figure 3-14 The three possible 
reading frames in protein synthesi.s. In 
the process of translating a nucleotide 
sequence into an amino acid sequence 
the sequence of nucleotides in an 
mRNA molecule is read from the 5' lo 
the 3' end in sequential sets of ihi-ee 
nucleotides. In principle, thcrefoit;, the 
same RNA sec|uence can specify three 
completely different timino acid 
sequences, depending on the "niaiJin^r 
frame." 
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Figure 9—6 The amount of DNA in a 
haploid genome vajies over a 100,000- 
fold range from the smallest procaryotic 
cell, the mycoplasma, to the large cells 
of some plants and amphibia. Note that 
the genome size of humans (3 x lO^ 
nucleotide pairs) is much smaller than 
that of some other or^ganisms. 



abuui io limes moitJ complex than the fruit fly Orosophila, which is estimated to 
have about 5000 essential genes (see p, 510). 

Whatever the nonessential DNA in higher eucao'olic chromosomes may do 
(sec Chapter 10, p. 607), the data shown in Figure 9-6 make it clear that it is not 
a gi-eat handicap for a higher eucaryolic cell to carry a large amount of extra DNA. 
Indeed; even the essential coding regions are often interrupted by long stretches 
of noncoding DNA. 

Each Gene Is a Complex Functional Unit 

for the Ueguiated Production of an RNA Molecule 

The piimaiy function of the genome is to produce RNA molecules. Selected por- 
tions of the DNA nucleotide sequence are copied into a conresponding RNA nu- 
cleotide sequence, wliich either {as mRNA) encodes a protein or forms a "struc- 
tural" RNA, such as a tRNA or rRNA molecule. Each region of the DNA helix that 
pr*()(liu;os a fiinclionul RNA molecule constitutes a gene. 

(Iiiiicis in u chitJinosorue of u higlicreucaiyote can contain as many as 2 million 
DNA nucleotide pairs, and genes more than 100,000 nucleotide paii"s in length are 
common (Table 9-1); yet only about 1000 nucleotide pairs are required tp encode 



Table 9-1 Thi! Size of Some Human Genes in Thousands of Nucleotides 



Number of 





Gene Slxje 


mRNA Size 


Introns 


p-t;iohin 


1.5 


0.6 


2 


Insulin 


1.7 


0.4 


2 


Pnilein kinase C. 


11 


1.4 


7 


Albumin 


25 


2.1 


14 


CaUilusu 


34 


1.6 


12 


LI>L i-C(:i;pl()r 


45 


5.5 


17 


1 'actor VIM 


1H6 


9 


25 


Thyn)glohulln 


300 


8.7 


36 


l)ysti*ophin* 


nioixi than 


17 


mocc ihun 


2000 




50 



TIm; Ki/.c .s|)r:(:ifiKtl Iksiv f(ir a gen« inrludRS bom ils transcribed portion and nearby regulatoiy 
UNA sequences. (C:<)mplled firom data supplied by Victor McKusick.) 

*An allerod form uf thi.s gono enuscs Duchcnnc muscular dyslmphy. 
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chromosome of 1.5 X 10^ nucleotide pfllr?, containing about 3000ganes 

II 



0.5% of chromosome, containing 15 genes 

XT 




one gene of 10^ nucleotide pairs 



rrmn 



regulatory region 



intron 



i 



exon 

DNA TRANSCRIPTION 



Figure 9-7 The oi^aaization of genes 
on a typical vertebrate chromosome. 
Proteins that bind to the DNA in 
regulatory regions detennine whether a 
gene is transcribed; although often 
located on the 5' side of a gene, as 
shown here, reguJatoiy regions can also 
be located in introns, in exons, or on 
the 3' side of a gene. The intron 
sequences are removed from the 
primaiy RNA transcripts that encode 
protein molecules lo produce a 
messenger RNA (mRNA) molecule. The 
figure given here for the number of- 
genes per chromosome is only a 
minimal estimate. 



primary RNA transcript 



RNA SPLICING 



5' 3' 

mRNA 



li pTOtein of average size (one containing 300 lo 400 amino acid residues). Most of 
iho extra length consists of long stretches of noncoding DNA that interrupt the 
relatively short segments of coding DNA. The coding sequences arc called exoas, 
Ihc intervening (noncoding) sequences are called introns. The RNA molecule 
(called a primary HNA transcript) synthesized from such a gene is altered to re- 
move the intron sequences during its conversion to an nriRNA molecule (see Figure 
9-2) in the process of HNA splicing (see p. 531). 

iMv^e genes consist of a long string of alternating cxons and intrpns, w^ith 
most of the gene consisting of introns. In addition, each gene contains regulatory 
ONA sequences, which bind gene regulatory proteins that control transcription of 
tilt: gLMie. Many i-egulatory sequences are located "upstream" (on the 5' side) of 
the site whui'e the RNA transcript begins, hut they can also be located in introns, 
"downslj-eam" (on the 3' side) of the site where the RNA tr-anscripl ends, or even 
in exons. A typical vertebrate chromosome is illustrated schematically in Figure 
9-7, along with one of its many genes. 

!. <; Comparisons Between the DNAs of Related Organisms Distinguish 
Conserved and NQnconserved Regions of DNA Sequence^ 

Technical improvements in DNA sequencing ar^ expected to allow the routine 
sequencing of stretches of chromosomal DNA that are millions of nucleotide pairs 
long, so that one can foresee the eventual determination of the sequence of all 
3 X to" nucleotides of the human genome. If more than 90% of this sequence is 
unimportant, however, it will be crucial to have some way of identifying the small 
pniportion of sequence that is important. One way to achieve this is by the si- 
multaneous sequencing of the corresponding regions of a related genome, such 
as that of the mouse. Human beings and mice are thought to have diverged from 
a cornmon mammalian ancestor about 80 x 10^ years ago, which is long enough 
for roughly two out of every three nucleotides to have been changed by random 
mutational events (see p. 220). Consequently, the only regions that will have re- 
mained closely similar {conserved regions) in the two genomes are those where 
mutations would impair function. (The oi^anisms with these deleterious muta- 
tions would have been eliminated from the population by natural selection — see 
p. 2Z1.) Thus, in general, nonconserved regions represent noncoding DNA — both 
between genes and in introns — whoso DNA sequence is not critical for function. 
Consei"ved regions, in contrast, i^pr-cscnt functionally important exons and reg- 
ulatory regions. By rxjvcaling in this way the results of a very long natural "exper^- 
imenl," compai-ative DNA sequencing studies highlight the most interesting ro- 
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Figure 9—77 Tlie ti-anscribed portion of the human p-giobin 
gene. The sequence of the UNA strand corresponding to the 
mRNA sequence is given, with the primary RNA transcript 
surrounded by a colored line and the nucleotides in the three 
coding regions (exons) shaded. Note that exon 1 includes a 5'- 
leader sequence and that exon 3 includes a 3' -trailer sequence; 
although these sequences are included in the mRNA, they do 
not code for amino acids. The highly conserved GT and AG 
nucleotides at the ends of each intron are boxed (see Figure 
9-79), along with the cleavage and polyadcnylation signal near 
the 3' end of the gene (AATAAA, see Figure 9-75). 

side of an intron sequence are joined to each other after thS intron sequence has 
been cut out, this reaction is known as RNA splicing. RNA splicing occurs in the 
cell nucleus, out of reach of the ribosomes, and RNA is exported to the cytoplasm 
only when processing is complete (see p. 538). 

Because most mammalian genes contain much more intron than exon se- 
quence (sec Table 9-1, p. 466), RNA splicing can account for the conversion of the 
veiy long nuclear hnRNA molecules (up to more than 50,000 nucleotides) to the 
much shorter cytoplasmic mRNA molecules (usually 500 to 3000 nucleotides). 

Before discussing the distiibution of introns in eucaiyotic genes and some of 
(heir consequences for cell function, it is necessary to explain how intron se- 
quences ai^ recognized and removed by the splicing machinery, 

:ii hnRNA 'IVanscripls Are Immediately Coated 
with Proteins and snRNPs**** 

Newly made RNA in eucaryotes, unlike that in bacteria, appears to become im- 
mediately condensed into a series of closely spaced protein-containing particles. 
These particles consist of about 500 nucleotides of RNA wrapped around an abun- 
dant protein complex that serves to condense and package each growing RNA 
transcript in a manner reminiscent of the DNA-protein complexes of nucleosomes. 
The resulting hnRNP particles {heterogeneous nuclear rihonucleoprotein parti- 
cles) can be purified after nuclei have been treated with ribonucleases at levels 
just sufficient to destroy the linker RNA between them. The particles sediment at 
about 30S and have a diameter about twice that of nucleosomes (20 nm). Their 
protein core is correspondingly larger and more complex, being composed of a 
set of at least 8 different proteins of mass 34,000 to 120,000 daltons. Except for 
histones, the proteins in this core are the most abundant proteins in the cell 
nucleus. Those characterized thus far contain one or more copies of a short se- 
quence-: of ijiniiio acids that is shared by many RNA-binding proteins (Figure 9-78). 

The hnRNP particles are generally distorted by the standaixl spreading tech- 
niques used Ic) view transcribing genes in the electron microscope (see Figure 
y-70). These micrographs, however, reveal especially stable particles of a less com- 
mon type on many RNA transcripts, whose location strongly implicates a role for 
theni in RNA splicing. The stable particles form very quickly at the junctions 
between intron and exon sequences, and, as the RNA transcript elongates, these 
particles coalesce in pairs to fomi a lax^ger assembly that is thought to be the 
tipUceosome that catalyzes RNA splicing (Figure 9-79). 

Biochemical analysis has revealed that the cell nucleus contains many com- 
plexes of proteins with small RNAs (generally RNAs of 250 nucleotides or less), 
which have arbitrarily been designated Ul, U2,. . .,U12 RNAs. These complexes, 
called small nuclear ribonucleoproteins (snKNPs), resemble ribosomes in that 
each contains a set of proteins complexed to a stable RNA molecule. They are 
much smaller than nbosomcs, however — about 250,000 daltons compared to 4.5 
million daltons for a ribosorne — and have higher prolein-to-RNA ratios. Some pro- 
teins aix; present in several ty^jes of snRNPs, whereas others are unique to one 
t^'pc. This was fii*st demonstixited using serum fix)m patients with the disease 
isystcmic lupus erythema tosus, who make antibodies directed against one or more 
snKNP proteins: a single antibody was found that binds the Ul, U2, U5, and 
U4/Ub snRNPs, for example, suggesting thai Ihey all contain a common protein. 



CCCTGTGGAGCCACACCCTAGGGTTGGCCA 
ATCTACTCCCAGGAGCAGGGAGGGCAGGAG 
CCAGGGCTGGGC ATAAAAGTCAGGGCAGAG 

ccatctattgcttK catttgcttctgacac 



AACTGTGTTCACTAGCAACTCAflACAGACA 




ITATCAAGGTTACAAGACAGGT 
rTAAGGAGACCAATAGAAACTGGGCATGTGT 
GAGACAGAGAAGACTCTTGGGTTTCTGATA 
GGCACTGACTCTCTCTGCCTATTGGTCTAT 
rXTCCCACCCT' 




AGTCTATGGGACCCTTGATGTTTTCTTTCC 
CCTTCTTTTCTATGGTTAAGTTCATGTCAT 
AGGAAGGGGAGAAGTAACAGGGTACAGTTT 
AGAATGGGAAACAGACGAATGATTGCATCA 
GTGTGGAAGTCTCAGGATCGTTTTAGTTTC 
TTTTATTTGCTGTTCATAACAATTGTTTTC 
TTTTGTTTAATTCTTGCTTTCTTTTTTTTT 
CTTCTCCGCAATTTTTACTATTATACTTAA 
TGCCTTAACATTGTGTATAACAAAAGGAAA 
TATCTCTGAGATACATTAAGTAACTTAAAA 
AAAAACTTTACACAGTCTGCC TAGTACATT 
ACTATTTGGAATATATGTGTGCTTATTTGC 
ATATTCATAATCTCCCTACTTTATTTTCTT 
rTATTTTTAATTGATACATAATCATTATAC 
ATATTTATGGGTTAAAGTGTAATGTTTTAA 
TATGTGTACACATATTGACCAAATCAGGGT 
AATTTTGCATTTGTAATTTTAAAAAATGCT 
TTCTTCTTTTAATATACTTTTTTGTTTATC 
TTATTTCTAATACTTTCCCTAATCTCTTTC 
TTTCAGGGCAATAATGATACAATGT^yrCAT 
GCCTCTTTGCACCATTCTAAAGAATAACAG 
TGATAATTTCTGGGTTAAGGCAATAGCAAT 
ATTTCTGCATATAAATATTTCTGCATATAA 
ATTGTAACTGATGTAAGAGGTTTCATATTG 
CTAATAGCAGCTACAATCCAGCTACCATTC 
TGCTTTTATTTTATGGTTGGGATAAGGCTG 
GATTATTCTGAGTCCAAGCTAGGCCCTTTT 
GCTAATCATGTTCATACCTCTTATCTTCCT 
CCCACl 




TGTCCAATTTCTATTAAAGGTTCCTTTGTT 
CCCTAAGTCCAACTACTAAACTGGGGGATA 
TTATGAAGGGCCTTGAGCATCTGGATTCTG 
CCT|ATAAAfiAACATTTATTTTCATTGf AA^ 



TGATGTATTTAAATTATTTCTGAATATTTT 
ACTAAAAAGGGAATGTGGGAGGTCAGTGCA 
TTTAAAACATAAAGAAATGATGAGCTGTTC 
AAACCTTGGGAAAATACACTATATCTTAAA 
CTCCATGAAAGAAGGTGAGGCTGCAACCAG 
CTAATGCACATTGGCAACAGCCCCTGATGC 
CTATGCCTTATTCATCCCTCAGAAAAGGAT 
TCTTGTAGAGGCTTGATTTGCAGGTTAAAG 
TTTTGCTATGCTGTATTTTACATTACTTAT 
TGTTTTAGCTGTCCTCATGAATGTCTTTTC 
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Figure &— 78 An amino acid sequence fuund in many 
eucaiyotic RNA-binding proteins. This consensus — found in 
proteins from organisms as diverse as yeasts, Drosophila., and 
humans — is present in the proteins of hnRNP particles, in the 
proiein bound lo the poIy-A tail of hnRNAs, in several snRNP 
proteins, and in the abundant nucleolar protein, nucleolin. 
When this sequence is found in a protein of unknown function, 
it suggests thai the protein binds to RNA. 



Individual snRNPs are believed to recognize specific nucleic acid sequences 
through RNA-RNA base-pair complementarity. Some mediate UNA splicing, some 
are involved in the cleavage reactions that generate the 3' ends of some newly 
formed RNAs (see p. 596), while the function of others is unknown. The evidence 
for the role of snRNPs in RNA splicing comes from experiments on RNA processing 
in vitro. 

Intron Sequences Are Removed as Lariat-shaped RNA Molecules™ 

lntroa» ratige in size fiom about 80 nucleotides to 10,000 nucleotides or more. 
They differ dramatically from exons in that their exact nucleotide sequences seem 
to be unimportant. Thus introns have accumulated mutations rapidly during ev- 
olution, and it is often possible to alter most of the nucleotide sequence of an 
intron without greatly affecting gene function. This has led to the suggestion that 
intron sequences have no iunction at all emd are largely genetic "junk," a propo- 
sition we shall examine later (see p. 602). The only highly conserved sequences in 
introns are those required for intnon removal. Thus there are consensus sequences 
at each end of an intron that are nearly the same in all known intron sequences^ 
and these cannot be altered without affecting the splicing process that normally 
itimovcs the intron sequence from the primary RNA transcript. These conserved 
l)oundary sequences at the G' splice site (donor site) and the 3' splice site 
(acceptor site) are shown in Figure 9-80. The RNA breaking and rejoining reac- 
tions must be canied out precisely because an error of even one nucleotide would 
shift the leading frame in the resulting mRNA molecule and make nonsense of its 
message. 

The pathway by which the intron sequences are removed from primary RNA 
transcripts has been elucidated by in vitro studies in which a pure RNA species 
containing a single intron is prepared by incubating an appropriately designed 
DNA fragment with a higlily active, purified RNA polymerase (Figure 9-81). When 
thcHi: RNA molecules are added to a cell extract, they became spliced in a two- 
step enzymatic I'eaction that requires prolonged incubation with ATP, selected 
proteins in the extract, and the U1| U2, US, and U4/U6 snRNPs; these components 
assemble into a large multicomponent ribonucleoprotein complex, or splice- 
osomc. Characterization of the RNA species that appear as intermediates during 
the I'eaction, as well as the snRNPs required to produce them, led to the discovery 
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Figure 9—79 Electron micrograph of a 
chromatin spread showing large 
ribonucleoprotein partic]es assembling 
at the S' and 3' splice sites to form a 
splicensome. In the micrograph (A) a 
gene encoding a Drosophila chorion 
protein has been identified, so that the 
positions of the splice sites on the 
primaiy RNA transcript are known. 
(B) Most of the RNA transcripts have 
either one or two large RNP particles 
near their 5' ends. VVtien there are two 
particles on a transcript [open circles in 
(B)J, they average 25 nm in diameter 
and occur at or veiy near the pKtsitions 
of the 5' and 3' splice sites for the 
single small intron sequence (228 
nucleotides long) near the 5' end of the 
transcripts. The more mature, longer 
transcripts on the two genes frequently 
display a single larger particle (colored 
circles in (B)] in the region of the intron, 
which probably results from the stable 
association of the two smaller particles 
and represents the assembled 
splicebsome. Since splicing occurs in 
some cases while the 3' end of the RNA 
chain is stiU being transcribed, the poly 
A at the 3' end of hnRNA molecules 
cannot be required for splicing. Most of 
the major hnRNP proteins have been 
removed from these transcripts by the 
spreading conditions used. (Adapted 
from YJM. Oshcim, O.L. Miller, and A.L. 
Beyer, Cell 43:143-151, 1985.) 
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consensus sequence for 
5* splice site ("donor site") 
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consensus sequence for 3* splice site 
("acceptor site") 



3* excn 
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Figure 9— 80 Consensus sequences for 
the 5' and 3' splice sites used in RNA 
splicing. The sequence given is that for 
the RNA chain; the nearly invariant GU 
and AG dinucleotidcs at either end of 
the intron are shaded in color (see also 
Figure 9-77). 



genomic DNA clone carrying a eucaryotlc gene 



exon 1 Intron 1 exon 2 intron 2 exon 3 



1 



CUT ISOLATED DNA WITH 
RESTRICTIOr* NUCLEASES 



exon 1 intron 1 exon 2 



DNA fragment 
containing part of gene 



bacteriophage DNA fragment 
containing promoter 



1 



LIGATE TO PROMOTER FOR 
BACTERIOPHAGE RNA POLYMERASE 



I recombinant ONA fragment 



promoter exon 1 intron 1 exon 2 



TRANSCRIBE DNA IN VITRO WITH 
PURE RNA POLYIVIERASE 



many identical RNA 
molecules, each with 
a single intron sequence 



Figure 9-Sl Outline of the procedure 
used to produce abundant amounts of 
j3ure RNA molecules for the analysis of 
RNA splicing in vitro. The method 
depends on the ability to produce lai^ge 
amounts of any desired DNA sequence 
by genetic engineering and DNA cloning 
(see p. Z5S) as well as on the availability 
of relatively simple RNA polymerases 
from bacteriophages T7 or SP6, which 
transcribe DNA with high efficiency in 
vitro. By coupling a eucaiyotic DNA 
fragment to a bacteriophage promoter, a 
bacteriophage RNA polymerase can be 
used to generate in vitro large amounts 
of the RNA encoded by the eucaiyotic 
DNA fragments. The 5' cap present on 
hnRNAs can be incorporated into such 
RNAs by using a chemically 
synthesized, capped nucleotide to 
initiate the transcription process (not 
shown). 



5' splice site 




U2snRNP 



3' splice site 
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ASSEMBLY OF 
SPICEOSOME 
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STEP 1: 

LARIAT FORMATION 
AND 5' SPLICE SITE 
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U4 
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3' SPI.ICE SITE 
CLEAVAGE AND 
EXON LIGATION 



excised intron sequence 
in the form of a lariat 
(will be degraded in nucleus) 



Figure 9-82 Catalysis of RNA splicing 
by a spliceosomc formed from the 
assembly of Ul, U2, US, and U4/U6 
snRNPs (shown as circles), plus nther 
components (not shown). After 
assembly of the spliceosomc, the 
reaction occurs in two steps: in' step 1 a 
special A nucleotide in the intron 
sequence located close to the 3' splice 
site attacks the 5' splice site, which is 
cleaved; the cut 5' end of the intron 
sequence joins covalently to this A 
nucleotide, forming the branched 
nucleotide shown in Figure 9-83. In 
step 2 the 3'-OH end of the first exon, 
which was exposed in the first step, 
adds to the beginning of the second 
exon, cleaving i^e RNA molecule at the 
3' splice site; the two exon sequences 
are thereby joined to each other and 
the intron sequence Is released as a 
lariat. The complete spliceosomc 
complex sediments at 60S, indicating 
that it is neariy as large as a ribosome. 
These splicing reactions occur in the 
nucleus and gencr:ate mRNA molecules 
from primary RNA li*anscripts (mRNA 
precursor molecules). 
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that the intron is excised in the form of a /ariar, according to the splicing pathway 
shown in Figures 9-82 and 9-83. 

Individual roles have been defined for several of the snRNPs. The Ul snRNP, 
for example, binds to the 5' splice site, guided by a nucleotide sequence in the 
Ul RNA that is complementary to the nlne-nucleotide splice-site consensus se- 
quence (see Figure 9-80). Since RNA is capable of acting like an enzyme (see 
p. 105), either the RNA or the protein components of the spliceosome could be 
responsible for catalyzing the breakage and formation of covalent bonds required 
for RNA splicing. 



t Multiple Intron Sequences Are Usually Removed 
from Each RNA Transcript^^ 

Because the spliceosome seems mainly to recognize a consensus sequence at each 
intron boundaiy, the 5' splice site {donor site) at the end of any one intron can 
in principle be joined to the 3' splice site (acceptor site) of any other intron in the 
splicing process. Thus, when the 5' and 3' halves of two different introns are 
experimentally combined, the resulting hybrid intron sequence is often recognized 
by the RNA-splicing enzymes and removed. 

In view of this result, it is surprising that vertebrate genes can contain as many 
as 50 introns (see Table 9-1, p. 486). If any two 5' and 3' splice sites were mispaired 
for splicing, some functional mRNA sequences would be lost, with disastrous 
consequences. Somehow such mistakes are avoided: the RNA processing machin- 
ery normally guarantees that each 5' splice site pairs only with the 3' splice site 
that is closest to it in the downstream (S'-to-3') direction of the linear RNA se- 
quence (Figure 9-84). How this sequential pairing of splice sites is accomplished 
is not known, although the assembly of the spliceosome while the RNA transcript 
is still growing (see Figure 9-79) is presumed to play a major part in ensuring an 
orderly pairing of the appropriate splice sites. There is also evidence that the exact 
three-dimensional conformations adopted by the intron and exon sequences in 
the RNA transcript are important. We shall see, however — both below and in Chap- 
ter 10 — that splicing can be controlled, and in selected cases the simple pattern 
of 5'-to-3' splicing does not hold. 
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Figure 9-83 Structure of the 
branched RNA chain that forms during 
nuclear RNA splicing. The shaded A is 
Che nucleotide highlighted in Figure 
9-82, and the branch is formed in step 
1 of the splicing reaction illustrated 
there. In this step the 5' end of the 
intmn sequence is cleaved and its 
phosphate group couples covalently to 
the Z'-OH ribose group of the A 
nucleotide, which is located about 30 
nucleotides from the 3' end of the 
intron sequence. The branched chain 
remains in the final excised intron 
sequence and is responsible for its 
lariat form (see Figure 9-S2). 



primary RNA transcript 



© Gppp-[ 



start 

AUG coding intron 

sequence sequence 

I 03 A3 I D5 A5 | 



stop 



-^mwm iiiiiji&yiii^iillill^lllll^^ 



Dl A1 02 A2 04 A4 09 A6 07 A7 




AAA 



* 3'. 



^BDOO nucleotides- 



INTRON SEQUENCES REMOVED 
BY RNA PROCESSING 



start stop 



® Gppp 



A « 3' splice site ("acceptor") 
D « 5' splice site ("donor") 



AAA 



3-OH mRNA 



TRANSLATION 



H,N- | h COOH 
ovalbumin 



Figure 9—84 The primaiy RNA 
transcript for the chicken ovalbumin 
gene, showing the organized removal of 
seven introns required to obtain a 
functional mRNA molecule. The 5' 
splice Bites (donor sites) are denoted by 
D. and 3' splice sites (acceptor sites) are 
denoted by A. 
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Figure 1 Telomere lengths in successive generations (61-G5) ot mice cloned from cumulus cells. Southern-blot analysis of terminal 
lestriction-enzyme-cut fragments in five sequential generations shows that telomeres do not undergo incremental erosion in successive 
clonal generations. Genomic DNA isolated from peripheral -blood lymphocytes taken from representative animals from eacfi generation 
was digested with the restriction enzyme Hi'nW, resolved on a pulse field gef, transferred to a solid support and probed with e S'-^'P- 
iat>elled (T^6,), oligonucleotide. Peripheral blood lymphocytes were sampled on the same day. Ages ot mice (in months) were: in line A, 
donor. 18: Gl. 16: 62, 14; 63. 12: G4. 9:65. 9; in line B. 61. 15.5: 62. 13: 63. 11: G4. 9: 65. 7. Suffix numbers (64-1 andG4-2, for 
exompic) identify different pups of each generation. 



was repeated with cumulus cells from adult 
Gl mice as nucleus donors to produce the 
next clonal generation, G2, and so on. Table 
1 summarizes the results obtained following 
the reconstruction of 3,920 enucleated 
oocytes. 

Previously* about 2% of enucleated 
oocytes receiving a cumulus cell nucleus 
developed to live-born pups'. This value is 
comparable to the cloning efficiency for Gl 
in lines A (1.5%) and B (4.2%). However, 
the success rate dropped in successive 
cloned generations: line A did not produce 
a G5 clone from 670 reconstructed oocytes; 
in line B, the only live-born G6 clone was 
cannibalized by her foster mother, thereby 
terminating the line. Mouse lines A and B 
therefore represent totals of 9 and 26 clones 
from their respective donors. Placental size 
was consistently in the range previously 
reported for cloned mice^ and did not 
increase in successive generations (data not 
shown). 

Do sequentially cloned mice show signs 
of accelerated ageing? We assessed the 
behaviour of these mice and determined 
telomere lengths to assess organismal and 
cellular measures of ageing> respectively. We 
evaluated learning ability in the Morris 
water maze and Krushinsky tests, as well as 
strength and agility, and also used other 



assays designed to monitor signs of prema- 
ture ageing, such as a decline in activity in 
the home cage and loss of coordination\ All 
cloned mice were, by these criteria, normal 
compared with age-matched controls (data 
not shown); the G5 mouse is alive and 
healthy at 1.5 years. 

We measured telomere length in periph- 
eral blood lymphocytes of clones G1-G6 by 
Southern-blot analysis of terminal restric- 
tion-enzyme-digested fragments (Fig, 1) 
and found no evidence of shortened telom- 
eres in the cloned mice. In fact, our results 
show that the telomeres lengthen with each 
generation. As representative animals of 
each generation were sampled simultane- 
ously, we cannot rule out an age-related 
contribution to tJiis increase (with younger 
mice having longer telomeres). In addition, 
long telomeres in mice are optimally studied 
by means of different assays such as quanti- 
tative fluorescence in situ hybridization\ We 
have detected telomerase activity in cumulus 
cells (data not shown); it is therefore possi- 
ble that telomeres in these cells are unusual- 
ly long, resulting in offspring with 
concomitantly longer telomeres. 

Shortened* and lengthened' telomeres 
have been reported in cloned livestock but, 
unlike ours, those experiments involved 
only a single round of cloning. Our results 



Table 1 Effect of sequential cloning on full-tarm development 



Lino 


g; 


G2 


C3 


G4 


G5 


G6 


Total 


A 


2/131 


1/228 


1/263 


5/238 


o/eVo 




9/1,530 




tl.5) 


(0.4) 


(0.4) 


(2.1) 


(0) 




(0.6) 


B 


4/96 


7/351 


5/352 


6/286 


3/581 


1/724 


26/2.390 




t4.2) 


(2.0) 


(1.4) 


(2.1) 


C0.5) 


(0.1) 


(1.1) 



' Succcsstve gensfBiions m represented as Gl , G2 and so on lor two independent mouse lines, A and B. The number ol pups born live atter cumutus-cell 
I RLtciea' transfer is compared to successfully reconstructed oocytes (pups/oocytes), witn the corresponding percentages in parentheses. Significant 
■ comparisons were derived for 04 and G5 from line A, Gl andGS, G6 from tine 6.antlG2, G3, G4 versus G6 from tine B (P<0.OS). 
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on sequentially cloned mice verifjr that 
telomere shortening is not a necessary out- 
come of the cloning process*. Hov^^ever, as 
only 1—2% of reconstructed oocytes yield 
live-born clones, the possibility of selection 
for donor nuclei with the longest telomeres 
cannot be excluded. Further investigation is 
required into the consequences of nuclear 
transfer on telomere length and lifespan. 
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Gene expression 

Total silencing by Intron- 
spliced hairpin RNAs 

^ost-transcriptional gene silencing 
^(PTGS)» a sequence-specific RNA 
degradation mechanism inherent in 
many life-forms, can be induced in plants 
by transforming them v^^ith either antisense' 
or co-suppression^ constructs, but typically 
this results in only a small proportion of 
silenced individuals. Here we shov^r that 
gene constructs encoding intron-spliced 
RNA vi^ith a hairpin structure can induce 
PTGS with almost 100% efficiency when 
directed against viruses or endogenous 
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Figure 1 Efficiency of induction of post-transcriptional gene silencing (PTGS) by difterent gene constructs and the predicted structure of 
RNA transcribed from ttie transgenes. a, PTGS efficiency measured lor potato virus (PVY) and A12-desaturase genes as the percentage 
of independent transgenic plants immune to PW and the percentage of plants vfltti enzyme activity reduced by more than 20% compared 
with wld type, respectively. In the predicted staictures of RNA transcripts, right- and left-pointing arrows represent sense and antisense 
orientation of sequences, respectively: small vertical arrows represent splice -junction sequences remaining after the intron has been 
spliced out. Vertical lines in the predicted structures indicate duplex fomnation. Asterisks, data from ref. 3; daggers, data from ref 7; 
hpRMA, hairpin RNA; n. number of independent translormants; GUS, p -glucuronidase, b. Design of intron-containing hairpin constnjcts. 
OCS, octopine synthase: NOS, nopaline synthase. 



genes. These constructs could prove valu- 
able in reverse genetics, genomics, engineer- 
ing of metabolic pathways and protection 
against pathogens. 

Induction of PTGS by co-suppression 
and antisense methods that target the Nia- 
protease {Pro) gene sequence of potato 
virus Y (PVY)' cause silencing in 7% and 
4% of independent transformants, respec- 
tively; induction of PTGS in these tobacco 
plants {Nicotiana tabacum) manifests as 
immunit/'* to the virus. 

Using principles we developed for 
silencing constructs that express double- 
stranded RNA and inverted-repeat RNAs\ 
we made a construct encoding a single self- 
complementary hairpin RNA (hpRNA) of 
the Pro sequence. The construct contains 
sense and antisense Pro sequences flanking 
an 800-nucleotide spacer fragment derived 
from the uiciaA (GUS) gene (Fig. la). 
About 60% (25/43) of the plants that are 
transformed with this construct, many of 
which contained a single transgene copy, 
were immune to the virus. The spacer 
fragment contributed to the stability of the 
perfect inverted-repeat sequences, but it 
was not required for the specificity of the 
PTGS (Fig. la). 

To test the effect of removing the loop 
region of hpRNA, we replaced the spacer 
with an intron sequence (Fig. la, b). The 
intron sequence provides stability to the 
DNA, but is spliced out during pre-mRNA 
processing*'' to produce loopless hpRNA. As 
a control, we made a sister construct in 
which the intron sequence was inserted in 
the reverse, non-spIicing» orientation. 
When transformed into tobacco, 22 of 34 
(65%) reverse-intron plants were immune, 
a similar frequency to plants transformed 
with the GUS spacer construct. Amazingly, 
we found that 22 of 23 plants transformed 
with the construct containing the function- 
al intron were immune to the virus. 

To test whether this enhancement by the 
sense-intron construct was a general phe- 
nomenon, we made two hpRNA constructs 
against the endogenous Al 2-desaturase 
{Fn(i2) gene of ArabidopsiSy which catalyses 
the conversion of oleic to linoleic acid in the 
seed*"''; one construct contained an intron 
and the other a non-intron spacer region. 
We found that 69% (44/63) of the trans- 
genic plants with the non-intron spacer 
region construct showed PTGS of the Al2- 
desaturase gene, but that 100% (30/30) of 
plants transformed with the intron con- 
struct showed silencing of this gene. 

How does the presence of this intron 
enhance silencing efficiency? The process of 
intron excision from the construct by the 
spliceosome might help to align the com- 
plementary arms of the hairpin in an en- 
vironment favouring RNA hybridization, 
promoting the formation of a duplex. Alter- 
natively, splicing may transiently increase 
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the amount of hairpin RNA by facilitating, 
or retarding, the hairpin's passage from 
the nucleus, or by creating a smaller, less 
nuclease-sensitive loop. 

Our PVY constructs contained intron-2 
from the Pdk gene of Flaveria^, whereas the 
A 1 2-desaturase construct contained intron- 
1 from the Arabidopsis Fad2gcnt (Fig. lb). 
PVY constructs were controlled by the con- 
stitutive CaMV35S (ref. 9) promoter and 
produced hpRNA containing the PVY cod- 
ing-region sequence (700 nucleotides); the 
desaturase gene construct used the seed- 
specific napin promoter'" to produce 
hpRNA representing 120 nucleotides of the 
3' -untranslated region of the Al2-desat- 
urase gene. 

We believe that constructs encoding 
intron-hpRNA should efficiently induce 
PTGS for a wide range of genes in a variety 
of circumstances and could become as use- 
ful to plant biology as RNAi" '^ is to the 
study of nematodes and Drosophila. The 
transgene design might also have applica- 



tion in organisms in which RNAi has been 
obtained by injection of double-stranded 
RNA. 
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Summary 

Post-transcriptional silencing of plant genes using anti-sense or co-suppression constructs usually 
results in only a modest proportion of silenced Individuals. Recent work has demonstrated the potential 
for constructs encoding self-complementary 'hairpin' RNA (hpRNA) to efficiently silence genes. In this 
study we examine design rules for efficient gene silencing, in terms of both the proportion of 
independent transgenic plants showing silencing, and the degree of silencing. Using hpRIMA constructs 
containing sense/anti-sense arms ranging from 98 to 853 nt gave efficient silencing in a wide range of 
plant species, and inclusion of an intron in these constructs had a consistently enhancing effect. Intron- 
containing constructs (ihpRNA) generally gave 90-100% of independent transgenic plants showing 
silencing. The degree of silencing with these constructs was much greater than that obtained using 
either co-suppression or anti-sense constructs. We have made a generic vector, pHAIMIMIBAL, that allows 
a simple, single PCR product from a gene of interest to be easily converted into a highly effective 
ihpRNA silencing construct. We have also created a high-throughput vector, pHELLSGATE, that should 
facilitate the cloning of gene libraries or large numbers of defined genes, such as those in EST 
collections, using an in vitro recombinase system. This system may facilitate the large-scale 
determination and discovery of plant gene functions in the same way as RIMAi is being used to examine 
gene function in Caenorhabditis elegans. 

Keywords: PTGS, RNAi, genomics, vector, ihpRNA, Gateway. 



Introduction 

The ultimate goal of current genome projects is to 
identify the biological function of every gene in the 
genome. Whole genomes of several organisms (includ- 
ing Arabidopsis, http://www.arabidopsis.org), have been 
completely sequenced, providing a wealth of informa- 
tion. The functions of some of the genes have been 
identified directly by the appropriate assay, or have 
been inferred by homology to genes of known function 
in other organisms. Loss-of-function mutants, from 
insertional mutagenesis or transposable elements, have 
also been very informative about the role of some of 



these genes (AzpirozLeehan and Feldmann, 1997; 
Martienssen, 1998), particularly in the large-scale analy- 
sis of the yeast genome (Ross-Macdonald efaA, 1999). 
However, the functions of a large proportion of genes 
remain unknown. 

Injection or ingestion of dsRNA into nematodes can 
trigger specific RNA degradation, in a process known as 
RNA-interference (RNAi; Fire etaf., 1998). This process 
facilitates targeted post-transcriptional gene silencing 
(PTGS) and has recently been harnessed to study the 
function of over 4000 genes on chromosomes I and III 
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Figure 1. The predicted RNA structure and efficacy of gene-silencing 
constructs. 

(a) Three constructs, controlled by Ubil promoter, silencing GUS in rice. 
Thick lines indicate a 560 nt GUS sequence; grey lines indicate non-GUS 
sequences; dashed grey lines indicate intron-junction sequences left after 
splicing; and short lines within the stem of hairpin structures indicate 
base pairing. Numbers in PTGS column indicate the percentage of plants 
showing GUS silencing; n = number of plants in each treatment. 

(b) Silencing efficacy of four different construct types with sequences as 
depicted in la), except the thick lines in hpRNA and ihpRNA represent the 
various different target sequences in Table 1; and the thick lines in 
iphRNAoverhang and iphRNAspacer represent PVY Pro sequences. The 
percentage PTGS of hpRNA and ihpRNA, and iphRNAoverhang and 
iphRNA spacer, are the average percentage silencing of these types of 
constructs reported in Table 1 and the percentage of plants showing 
Immunity to PVY, respectively. 



in Caenorhabditis elegans (Fraser et ai, 2000; Gonczy 
exa\„ 2000). We discovered that transgenes designed to 
express double-stranded or single-stranded self-connple- 
mentary (hairpin) RNA have a similar post-transcrip- 
tional silencing effect in plants (Wang and Waterhouse, 
2000; Waterhouse etai., 1998) and that, in at least two 
exannples, almost 100% of plants transformed with an 
intron-containing hairpin RNA construct showed silen- 
cing (Smith etai, 2000). These results led us to ask 
whether hpRNA technology might be exploited for gene 
discovery in plants. We have sought to design and 
evaluate generic intron-hpRNA constructs that might 
enable plant gene-discovery studies on a scale that 
matches those in nematodes. 



Results 

Location of silence-inducing sequences in hairpin RNA 
constructs 

Constructs encoding RNAs with regions of self-comple- 
mentarity efficiently induce gene silencing. We have 
previously shown that the sequences in the duplex stem 
in hpRNAs direct gene silencing (Smith etai., 2000; 
Waterhouse etai, 1998), whereas the results of Hamilton 
etai (1998) suggest that single-stranded RNA sequences 
adjacent to a potential hairpin-forming structure give 
sequence specificity to silencing. The latter arrangement 
(adj-hpRNA) could be easily incorporated into gene-silen- 
cing vectors as the sequence encoding the hairpin RNA 
could be generic to the vector, while the specificity of the 
silencing would be accomplished by simply inserting a 
single copy of target gene sequence. In contrast, hpRNA 
constructs require two copies of the target sequence in an 
inverted-repeat orientation, in order to produce duplex 
RNA. To compare the relative efficacy of the designs, 
various GUS-silencing constructs, under the control of the 
Ubil promoter and associated intron, were made (Figure 
la) and super-transformed into G US-expressing rice. 
Histochemical staining of the transformed plants showed 
that the adj-hp RNA construct gave no higher frequency of 
silenced lines than conventional co-suppression (sRNA), 
but the hpRNA construct gave many more silenced lines 
(Figure la). This suggested that the hpRNA was the design 
of choice. 

Examination of the stained rice Ubi-hpGUS plants and a 
similar 35S-hpGUS construct in tobacco (Figure 2f) 
showed that the silencing was evenly distributed through- 
out the plant. Analysis of RNAs in the tobacco plants for 
the presence of GUS-derived small (=21 nt) RNAs showed 
a perfect correlation between the presence of these 
molecules and the presence of the 35S-hpGUS construct 
and silencing of the target GUS gene (Figure 3). This 
confirms that the silencing was due to PTGS; such small 
RNAs are a hallmark of PTGS (Hamilton and Baulcombe, 
1999; Waterhouse etai, 2001) 

Intron-spficed hpRNA vectors 

We have found that it is necessary to include a spacer 
region between the arms of hpRNA constructs for stability 
of the inverted repeat DNA in Escherichia coli. However, 
replacing the spacer (loop) region of hpRNA constructs 
with a functional intron sequence increases the proportion 
of independent silenced lines recovered from approxi- 
mately 50 to about 100% (Smith etai, 2000). In these 
experiments, the targets were potato virus Y (PVY) and the 
FAD2 A12-desaturase gene of Arabidopsis. The constructs 
were designed such that their pre-mRNA should splice to 
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form hpRNAs with smalt loops {Figure 4), The PVY 
construct should give an hpRNA comprising a 730 nt 
stem and a 6 nt loop; the hpRNA from the A12-desaturase 
construct should contain a 120 nt stem and a 21 nt loop. 
Although the PVY construct contained only two and four 
bases of original exon sequence 5' and 3' of the intron, 
respectively, the intron was still functional. RT-PCR and 
sequencing of transgene mRNA in plants containing the 
H/ndlll intron fragment (Figure 4) showed that the intron 
was cleaved out, leaving the predicted splice junction (data 
not shown). 

The A12-desaturase result (100% of independent plants 
showing silencing despite having a 21 nt loop in the 
hpRNAI showed that the intron-enhanced silencing was 
not solely due to the tightness of the hairpin loop. 
Therefore we wondered whether this could be exploited 
to make a generic intron-spliced hpRNA (ihpRNA) vector 
into which the gene, or gene fragment, of choice could be 
directionally cloned to make sense and anti-sense arms. 
The vector pHANNIBAL (Figures 4 and 5), and a sister 
vector, pKANNIBAL (with bacterial ampicillin and kanamy- 
cin resistance genes, respectively), were designed so that a 
PCR fragment could be inserted in the sense orientation 
into the X/70l.fcoRI./Cpnl polylinker and in the anti-sense 
orientation in the C/al. H/ndlll. SamHI.Xbal polylinker. This 
may be accomplished either by two separate PCR reac- 
tions with the appropriate single sites introduced with 
each primer, or by a single PCR using primers each 
introducing two restriction sites (e.g. primer 1, 
Xbal.Xrtol.xxx; primer 2, C/al./CpnI.xxx). The construct will 
produce an hpRNA with a loop of 30-50 bases depending 
on which restriction sites are used to insert the targeting 
gene sequences. 

The efficacy of pHANNIBAL was tested in Arabidopsis 
targeting the pigment biosynthesis gene chalcone 
synthase (CHS); the ethylene signalling gene EIN2; and 
the flowering repression gene FLC1. These genes were 
chosen because their mutant alleles have been reported in 
Arabidopsis to give distinct phenotypes. The tt4 (CS85) 
EMS mutant (Koornneef etal., 1990) produces inactive 
CHS, resulting in reduced production of flavonoid pig- 
ments in both the stem and seed coat. The mutant ein2 
(Alonso etaL. 1999) is insensitive to ethylene and grows 
well on media containing l-aminocyclopropane-1-car- 
boxylic acid, whereas wild-type plants develop a very 
stunted appearance when grown on such media. The 
mutant ficl (Amasino etal., 2000) flowers earlierthan wild- 
type Arabidopsis. 

A 741 nt piece of CHS coding region was amplified 
from A. thaliana (Landsberg erecfa) using primers that 
added an Xho\ and a Kpnl site on the ends of one 
product and an Xba\ and BamHI site on the ends of the 
other product. These two amplification products were 
then directionally cloned into pHANNIBAL (Figure 5). 
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Similar cloning strategies were adopted for a 600 nt 
sequence from EIN2, and both a 650 nt and a 400 nt 
sequence from FLC1. As controls, sense and anti-sense 
constructs of CHS and an anti-sense construct of FLC1 
were also generated. All the constructs were subcloned 
into the binary vector pART27 and transformed into 
Arabidopsis. 

Only two of the 19 plants transformed with the CHS co- 
suppression construct, and none of the 25 plants trans- 
formed with the CHS anti-sense construct, showed any 
obvious evidence of silencing. Whereas over 90% (21 of 
23) of the plants transformed with the CHS-HANNIBAL 
constructs showed pronounced silencing (Table 1). The 
seed colours of most of these lines were virtually indistin- 
guishable, to the naked eye, from seed of the tr4(CS85) 
mutant (Figure 2a>. Examination of the seed under a light 
microscope revealed that the degree of pigmentation was 
generally uniform in the cells of the coat of an individual 
seed, and among seeds of the same line (Figure 2b,c). 
There was a perceptible difference in the levels of 
pigmentation between the different lines. The relative 
flavonoid content of seed from three lines selected to span 
the range of seed colour in the plant lines transformed 
with CHS-HANNIBAL, and from the co-suppression line 
giving the lightest coloured seed were 7, 23, 47 and 75%, 
respectively. The tt4 (CS85) and wild-type seed had values 
of 0 and 100%, respectively. 

Sixty-four independent lines transformed with the EIN- 
HANNIBAL construct were obtained. The progeny from 42 
of the lines showed Mendetian segregation for normal and 
stunted growth when grown on ACC medium, whereas all 
wild-type plants showed a stunted morphology on this 
medium (Table 1; Figure 2e). 

The transgenic progeny of every one of the 31 inde- 
pendent plants transformed with the FLC1-HANNIBAL 
constructs flowered earlier and made fewer leaves, prior 
to flowering, than wild-type plants (Table 1; Figures 2d and 
6). The transgenic progeny from the majority of the plants 
transformed with the FLC1 anti-sense construct had similar 
leaf numbers and flowering times to those of wild-type 
plants. The flowering time and leaf number provided an 
easy measurement of the degree of silencing in individual 
lines. Only two of the 31 FLC1-HANNIBAL plant lines did 
not flower in less than 25 days after germination, whereas 
only two anti-sense plant lines flowered in less than 
30 days. This suggests that ihpRNA constructs not only 
give an increased proportion of silenced transformants 
than anti-sense constructs, but also give more profound 
levels of silencing. However, even the most profoundly 
silenced FLC1-HANNIBAL line flowered 1 day laterthan the 
fic mutant, suggesting that it was not quite the equivalent 
of a null allele. 

Collectively, pHANNIBAL-based constructs (which are 
driven by the constitutive 35S promoter) have been 
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made for five different genes {CHS, EIN2, FLCh PVY-Pro 
and polyphenol oxidase - PRO). Similar intron-contain- 
ing constructs targeting seed specifically against two 
different genes (A12- and A9-desaturase) in Arabidopsis 
and/or cotton have been tested for their silencing 
efficiency. Intron-less hpRNA, anti-sense and co-suppres- 



(a) 



sion constructs have also been used in many of these 
gene/host combinations. The results are summarized in 
Table 1. The ihpRNA constructs were effective, with arm 
lengths ranging from 98 to 853 nt, giving 66-100% (average 
90%) independent silenced transformants. Intron-free 
hpRNA constructs gave 48-69% (average 58%) silenced 
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transformants, and conventional co-suppression or anti- 
sense constructs gave 0-30% (average 13 and 12%, 
respectively) silenced transformants. The intron-spliced or 
intron-free hpRNA constructs were effective when targeted 
against the coding, 5' untranslated or 3' untranslated 
regions of the mRNA. Taken together, these results indicate 
that ihpRNA constructs consistently give the nnost efficient 
silencing under a wide range of conditions. 

Effect of intron location and unbalanced arms in 
pHANNIBAL 

Intron-spliced hpRNA constructs appear to give a higher 
proportion of silenced transformants than intron-free 
hpRNA constructs. One explanation for this might be that 
the process of intron-splicing aligns the arnns of the 
hpRNA, facilitating their duplex formation in the spliceo- 
some complex, whereas the arms of hpRNAs have to find 
their self-complementarity by random, but tethered, colli- 
sions. If there is a threshold of duplex RNA required for 
PTGS in plants, then facilitating more efficient duplex RNA 
formation from ihpRNA might raise the level in low 
transgene-expressing plants such that PTGS is enabled. 
Similar levels of transcription of non-spliced hpRNA might 
produce lower steady-state levels of duplex RNA that are 
insufficient for PTGS. The same threshold theory could 
also be applied for the tighter loop of ihpRNA, giving more 
nuclease-stable and higher steady-state duplex RNA levels 
than the larger looped hpRNA. To test the validity of these 
possibilities, a construct was made in which a spacer 
region was inserted between one of the arms and the 
intron in a PVY ihpRNA construct {Figure lb). This spacer 
region should impede alignment of the arms during the 
splicing process and produce a spliced hpRNA with a 
large loop. When plants transformed with the construct 
were challenged with PVY, 32 out of 36 independent 
transformants were immune to the virus. This suggests 
that the majority of the intron-enhanced silencing effi- 
ciency is not due to better alignment of the RNA arms or by 
presence of a tighter ssRNA loop. It may also explain why 
the GUS-hpRNA construct so efficiently silenced GUS in 



the rice plants reported in Figure 1(a), as this construct 
contained an intron in the 5' untranslated leader sequence 
of the ubiquitin promoter. 

A common feature of our hpRNA constructs has been 
the use of matched-length arms. These constructs should 
produce hpRNA with only a few unpaired 5' nucleotides. If 
pHANNIBAL is to be used as a generic vector for inserts 
from gene libraries, occasionally a restriction site within 
the PGR fragment will be common to the one used to clone 
into the polylinker. This will sometimes lead to the 
unintended construction of an hpRNA with unmatched 
arm length. To investigate whether this was an important 
attribute, a pHANNIBAL construct was made (using the 
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Figure 3. Detection of short (-22 nt) GUS-derived RNAs in tobacco plants 
showing hpRNA-mediated GUS silencing. 

Total RNA (20 ng each), isolated from tobacco plants showing 
independent segregation of a 35S GUS transgene and a 35S hpGUS 
transgene, was separated in a 15% denaturing polvacrviamide gel. 
blotted onto a Hybond-N membrane and hybridized with in vitro- 
transcribed ^P-labelled GUS RNA. The presence {+) or absence (-) of the 
target GUS and/or the 353 hpGUS transgene in the plant, from which the 
sample was taken, is indicated above each track. The phenotype of each 
of these plants after incubation with X-glucuronide and removal of 
chlorophyll with ethanol is also indicated. Silenced lines are white (W), 
unsilenced lines blue (B). The non-transgenic control is designated (C). 
Sizes indicated on the filter were determined by migration of DNA 
oligonucleotides. 



Figure 2. Silenced phenotypes in ihpRNA transformed plants and recombinase cloning into pHELLSGATE. 

(a) Arabidopsis seed samples from left to right: five independent CHS-ihpRNA lines; wild-type seed; ff4CHS mutant; three CHS-anti-sense lines and three 
CHS-co-suppression lines. The anti-sense and co-suppression lines were chosen as those showing the lightest seed-coat pigmentation. 

(b) Arabidopsis seed samples from four independent CHS-ihpRNA lines, chosen to reflect the range of seed-coat pigmentation, viewed under a light 
microscope. 

1c) Four companion seed samples to (b) from left to right: rf4CH5 mutant; the two anti-sense-silenced lines from Table 1; and wild-type seed. 

(d) Three pots of Arabidopsis plant tines 25 days after germination. From left to right: wild-type; earliest-flowering anti-sense; and FLCl-pHANNIBAL- 
transformed line. 

(e) Arabidopsis transformed with EIN2-pHANNIBAL growing on 50 hm ACC. The larger, vigorous plantlet is an ethylene-tnsensitive EIN2-pHANNIBAL plant; 
the small plantlets are ethylene-sensittve wild-type plants. 

(f) X-glucuronide-stained transgenic GUS tobacco plantlets segregating for presence (left) or absence (right) of the GUS-hpRNA transgene. 

(g.h) Agarose gel of restriction enzyme-digested plasmid preparations from nine individual colonies recovered from E. coli transformed with a 
pHELLSGATEy400ntPCR-product recombination reaction. Xho\ digestion (g) will release the 400 nt sense arm but not the ccdB fragment, and Xba\ 
digestion (h) will release the 400 nt anti-sense arm but not the other ccdB fragment. Left-hand track in both gels contains size markers. 
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Figure 4. Splice junctions, loop regions and self-complementarity of ihpRNA constructs: PVY, A12-desaturase, and pHANNIBAL. 

Nucleotides underlined have no complement in the hpRNA and should form a loop structure. splice point; H/ndlll site in PVY-ihpRNA construct shown 
in italics. 



PVY-Pro sequence) that should produce a hpRNA with a 
stem of 400 nt and 5' region of 300 unpaired nucleotides 
(Figure lb). When 48 independent transformed plants, 
containing this construct, were challenged with PVY, 38 
(=80%) of them were immune to the virus. This shows that 
an unpaired 5' extension of hpRNA does not abolish its 
ability to induce silencing, although its efficiency may be 
slightly reduced. 



High-throughput vector 

With the completion of the Arabidopsis genome project; 
the advent of micro-array technology; and the ever- 
increasing investigation into plant metabolic, perception 
and response pathways, a rapid, targeted way of silencing 
genes would be of major assistance. The high incidence 
and degree of silencing in plants transformed with 
pHANNIBAL constructs suggest that it could form the 
basis of a high-throughput silencing vector. However, one 
of the major obstacles in using pHANNIBAL for a large 
number of defined genes or a library of undefined genes 
would be cloning the hairpin arm sequences for each gene 
in the correct orientations. 

Attempts to clone PCR products of sense and anti-sense 
arms, together with the appropriately cut pHANNIBAL 
vector as a singte*step four-fragment ligation, failed to 
give efficient or reproducible results (data not shown). 
Therefore a construct (pHELLSGATE) was made (Figure 5) 
to take advantage of Gateway technology which facilitates 
easy cloning of PCR fragments (http://www.invitrogen. 
com/content. cfm). With this technology, a PCR fragment 
is generated (bordered with recognition sites attBI and 
attB2) which is directionally recombined /n vitro into a 
plasmid containing attPl and attP2 sites using the com- 
mercially available recombinase preparation. 

The pHELLSGATE vector was designed such that a single 
PCR product from primers with the appropriate attBI and 
attB2 sites would be recombined into it simultaneously to 
form the two arms of the hairpin (Figure 5). The ccdB gene, 
which is lethal in standard 5. coU strains such as DH5a (but 



not in DB3.1), was placed in the locations to be replaced by 
the arm sequences, ensuring that only recombinants 
containing both arms would be recovered. Placing a 
chloramphenicol-resistance gene within the intron gives a 
selection to ensure the retention of the intron in the 
recombinant plasmid. The pHELLSGATE vector was tested 
using 200 and 400 nt PCR products for two different genes. 
Many bacterial colonies were obtained on chlorampheni- 
col-containing plates spread with DH5a bacteria, trans- 
formed with the in vitro recombination reaction. Analysis of 
24 colonies transformed with the 400 nt reaction and 36 
colonies from the 200 nt reaction showed that, in both 
cases, all but one of the colonies contained the desired 
recombinant plasmid (Figure 2g,h). This was confirmed by 
sequence analysis (data not shown). These results show 
that this vector facilitates the rapid, efficient and simple 
production of hpRNA constructs. pHELLSGATE is a binary 
vector, with a high-copy-number origin of replication for 
ease of handling. Recombinant pHELLSGATE constructs 
can be directly transformed into Agrobacterium for trans- 
formation into plants. This system should lend itself to 
high-throughput applications. 



Discussion 

Now that the genomes of a number of species have been 
completely sequenced, the challenge is to understand the 
functions and interplay of genes in an organism. The use 
of chemical mutagens, transposons and T-DNA tagging 
have been very useful in screening for mutants of individ- 
ual genes. However, with these undirected methods it is 
often slow and laborious work to identify each mutant and 
to track down the gene responsible. RNAi has revolutio- 
nized the study of genes in C. elegans and Drosophila, with 
two groups recently reporting the systematic analysis of 
over 4000 genes on chromosomes I and III in C. elegans 
(Fraser efa/., 2000; Go nczy etal.f 2000). By way of com- 
parison, chromosome 2 of Arabidopsis has been entirety 
sequenced (Lin etal., 2000) and the presence of 4037 genes 
has been predicted. Yet to undertake a systematic analysis 
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Figure 5. Maps and cloning strategics for 
pHANNtBAL and pHELLSGATE. 
PGR products fronn the target gene are 
cloned into the polyilnkers of pHANNIBAL 
conventionally; restriction sites added by 
the primers ensure the correct orientation of 
the resulting sense and anti-sense arms. 
The attBt and attB2 sequences on a single 
PCR product facilitate the recombination of 
one sense-orientated and one anti-sense- 
orientated molecule into each molecule of 
pHELLSGATE when incubated with BP 
clonase. The complete sequences and 
annotations for pHANNIBAL and 
pHELLSGATE have been lodged at EMBL 
(Ace No: AJ311872 and AJ3n874). 
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Table 1. Efficiency of hpRNA, co-suppression and anti-sense constructs at silencing a range of genes in a range of plant species 



Gene 


Species 


Prom 


Intron 


Target 


Arnn 
(nt) 


GenBank 
Ace No. 


Co-ordinates 


ihp 
RNA 


hp 
RNA 


Sense 


Anti- 
sense 


PPO 


Tobacco 


35S 


Pdk 


ORF 


572 


AX028815 


172-844 


21/30 




5/54 




GUS 


Tobacco 


35S 




ORF 


800 


S69414 


1-800 




23/48 






PVY 


Tobacco 


35S 


Pdk 


ORF 


730 


U09509 


6278-7008 


23/24 


25/43 


2/27 


1/25 


EIN2* 


Arabidopsis 


358 


Pdk 


ORF 


600 


AF141202 


538-1123 


42/64 








FLCl* 


Arabidopsis 


35S 


Pdk 


ORF 


650 


AY034083 


1-650 


16/16 






2/13 


FLCl* 


Arabidopsis 


35S 


Pdk 


ORF 


400 


AY034083 


250-650 


15/15 






CHS 


Arabidopsis 


35S 


Pdk 


ORF 


741 


AF 11 2086 


248-1075 


21/23 




2/19 


0/25 


A12 


Arabidopsis 


Napin 


Al2a 


3' UTR 


120 


L26296 


1243-1363 


.30/30 


44/63 


4/41 


3/21 


A12 


Cotton 


Lectin 




ORF 


853 


X97016 


6&-921 




17/29 




7/30 


A12 


Cotton 


Al2c 


AT 2c 


5' UTR 


98 


X97016 


1-98 


26/26 






A9 


Cotton 


Lectin 




ORF 


514 


X95988 


24-538 




15/26 




4/30 


GUS 


Rice 


Ubi 




ORF 


560 


S69414 


1-560 


12/14 




3/10 


1/8 


Average percentage of silenced plants 










90 


58 


13 


12 



The type of promoter (Prom), type of intron, length of arms and details of how to find the specific sequences of the arms for various gene- 
silencing constructs are shown. The last four columns show the number of primary independent transformants (or transformed lines 
where progeny were analysed) showing silencing/the number of transgenic plants produced from the primary transformation experiment. 
•Silencing analysis was done on the progeny of the primary transformed plants. 



of these genes using the conventional plant technologies of 
insertional mutagenesis would require vast resources. It 
has been calculated that to havea90%chanceof finding just 
one specific single gene (of about 1 kb) in Arabidopsis 
using T-DNA insertional nnutagenesis would require the 
generation of about 350 000 independent transfornnants 

© Blackwell Science Ltd, The Plant Journal, (2001), 27, 581-590 



(Krysan etal., 1999). The work described in this paper 
facilitates a directed silencing which, when combined with 
the efficient, non-tissue culture transformation method for 
Arabidopsis (Clough and Bent, 1998), provides the tools 
that make the challenge of mirroring in plants, the gene 
discovery under way in nematodes, more feasible. 
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Figure 6. Flowering time in transgenic progeny from independent FLCl- 
pHANNIBAL and FLCl-anii-sense transformed C24 Arabidopsis lines. 
Flowering time (FT50} and leaf number (in figures above each column) for 
transgenic progeny from 16 and 15 independent plant lines transformed 
with pHANNIBAL constructs containing 650 and 400 nt arms of FLC1 
sequence, respectively; 13 independent plants transformed with a 
conventional, 3&S-driven, anti-sense construct containing the appropriate 
650 nt of FLCl; the flc-13 mutant (white bar); and witd-type plants (cross- 
hatched bar). Wild-type plants were transgenic for GUS and kanamycin 
resistance, to allow the plants to be grown under identical conditions. 
The standard error for leaf numbers did not exceed 0,7 of 1 day for any 
plant line. 



Using hpRNA constructs, we have obtained silenced 
plants for every gene that we targeted, irrespective of 
whether it was a viral gene, transgene or endogenous 
gene, and the silencing appears to be uniform within 
tissues in which the hpRNA is expressed. With ihpRNA 
constructs the efficiency averaged about 90%, and arms of 
400-800 nt appear to be stable and effective. High levels of 
silencing were obtained with constructs having 
unnnatched arm lengths, with arms as long as 853 nt or 
as little as 98 nt, and with arm sequences derived from 
coding, 3' or 5' untranslated regions of the target gene. 
These results suggest that ihpRNA constructs will be 
effective in a wide range of circumstances, and augur well 
for the generic use of the technology. The silencing was 
much more profound with ihpRNA constructs than either 
anti-sense or co-suppression constructs; some ihpRNA 
transformants were close to exhibiting a complete knock- 
out of the target endogenous gene. However, most of the 
ihpRNA plants showed dramatically reduced but detect- 
able levels of target gene activity. This variation in degree 
of silencing in the ihpRNA plants may be a useful feature 
for gene discovery and genomics: complete silencing of 
genes required for basic cell function or development will 
probably be embryo-lethal and therefore not easily 
recovered using traditional tagging approaches, whereas 
the reduced gene expression caused by hpRNA constructs 
may give viable plants with phenotypes indicative of the 
role of the target gene. 

Although the pHANNIBAL construct should be very 
useful for studying a modest number of genes (e.g. 10- 



50), such as in a metabolic pathway, it would not be 
feasible with normal resources to use it for hundreds to 
thousands of genes. However, the pHELLSGATE vector 
has the potential to facilitate making large numbers of 
gene ihpRNA constructs rapidly and efficiently. The simple 
steps required, namely PGR, incubation of the PGR product 
with the vector and recombinase, selection of recombinant 
plasmid, and then transformation into Agrobacterium, are 
steps that could easily be automated. The templates for 
PGR could be the defined genes in an EST library using 
standard forward and reverse primers. Alternatively, given 
that ihpRNA constructs with arms as small as 98 nt give 
effective silencing, oligosynthesizers could be automated 
to systematically synthesize oligonucleotides of each 
computer-identified gene along a chromosome, or for 
genes for which no function is known, and pass these 
primers into an automated ihpRNA production system. 

It has been shown that RNAi in DrosophUa is directed by 
21 nt dsRNA oligomers derived from the inducing dsRNA 
(Elbashir ef a/., 2001; Zamore efa/., 2000). Similar 21-25 nt 
RNAs have also been found associated with PTGS in plants 
(Hamilton and Baulcombe, 1999; Waterhouse eta!., 2001). It 
is tempting to speculate that the minimum region of 
homology between an mRNA and the arms of an effective 
hpRNA will also be 21-25 nt. If so, this rule would allow the 
design of hpRNAs to silence a single member of a gene 
family, as such unique sequences are present in most gene 
families. Also, by choosing conserved regions, it may be 
possible to silence whole gene families using a single 
construct. However, these rules remain to be proven. 

Experimental procedures 

Plasmid construction 

Standard gene cloning methods (Sambrook eta!., 1989) were 
used to make the gene constructs. The plasmids for dtcot 
transformation were derived from pART7 and pART27 (Cleave, 
1992), and those for monocot transformation were derived from 
pVec4 (Wang etaf., 1997, Wang eta!., 1998). The accession 
numbers of the gene sequences, and the co-ordinates of the 
sequences used in the hpRNA, co-suppression and anti-sense 
constructs, are shown in Table 1. The annotated sequences of 
pHANNIBAL, pKANNIBAL and pHELLSGATE are lodged with 
EMBL and have accession numbers AJ311872, AJ311873 and 
AJ311874, respectively. Constructs made in pHANNIBAL were 
subcloned as Not\ fragments into pART27, then Introduced into 
Agrobacterium strains AGL1 or LBA4404 either by efectroporation 
or tri-parental mating. pHELLSGATE was maintained in E. coH 
strain DB3,1 (Invitrogen, Carlsbad, CA, USA) in which the ccdB 
gene is not lethal. 



Pfant transformation 

Nicotiana tabaccum (W38), cotton and rice were transformed 
essentially as described by Ellis etat. (1987), Cousins etaf, (1991) 
and Wang efa/, (2001), respectively. Arabidopsis was transformed 
by the dipping method of Clough and Bent (1998), 
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Analysis of transgenic plants 

Northern blot analysis for the presence or absence of short RNAs 
was perfornned essentially as described by Wang etai (2001), 

Polyphenol oxidase (PPO) activity was nneasured using an 
oxygen electrode essentially as described by Robinson and Dry 
(1992). Rice and tobacco were tested for GUS activity using the 
histochennical stain X-glucuronide essentially as described by 
Jefferson etat. (1987). The reactions of plants to potato virus Y 
were analysed as described by Waterhouse etal. (1998). The 
activity of EIN2, which is required in the ethylene perception 
pathway, was observed by growing plants on media containing 1- 
aminocyclopropane-1-carboxylic acid (ACC) as described by 
Alonso etai (1999). To identify lines silenced for EIN1, at least 
30 progeny of each transformed line were germinated and grown 
on ACC-containing nnedia. 

To measure the effect of silencing FLCI, 20-30 seeds from each 
transgenic C24 Arabidopsis line, the transposon mutant flc13 
(Sheldon eta!., 2000), and a control GUS line, were germinated 
and grown on kanamycin plates as described by Sheldon etal. 
(2000). The plants were scored daily over a 40-day period for the 
appearance of flowers. Flowering time (FT50) for each line was 
taken as the number of days after germination for 50% of the 
plants to show flowering. After flowering, the number of leaves of 
10 randomly selected plants was counted for each line. 

Chalcone synthase (CHS) activity was monitored by visual 
observation of stem and leaf colour in plants grown under high 
light, and by unaided or microscope-assisted visual observation 
of seed-coat colour. The seeds were collected after they had 
matured and dried on the plant. The relative flavonoid concen- 
trations in seeds were determined by measuring extracts for 
absorbance between 490 and 530 nm in a Spectramax 340-PC 
(Molecular Devices Corporation, Sunnyvale, CA, USA). Duplicate 
extracts were made from 25 mg seed of each line, essentially as 
described by Gerats etal. (1982). The average absorbance value 
for each line was mathematically transformed to give relative 
values such that the tt4 and wild-type seed became values of 0 
and 100%, respectively. 

The activity of A12- and A9-desaturase activity during lipid 
synthesis was estimated from the relative proportions of individ- 
ual fatty acids in mature seed, as determined by routine methods 
for GC analysis of fatty acid methyl esters. 

Unless otherwise stated, plants were considered to be showing 
silencing when they showed obvious appropriate phenotypic 
differences from wild-type plants, or when they had a gene 
activity that was reduced by at least 20%. 



AttB primers, PCR and recombination reaction for 
introduction of sequences into pHELLSGATE 

Primers with attBl and attB2 sequences were purchased from Life 
Technologies. Polymerase chain reactions (PCR) and in vitro BP 
clonase recombination reactions were carried out according to 
the manufacturer's instructions (Invitrogen). The recombination 
reaction product was either electroporated or heat-shocked into 
RbCI-treated DH5a E. coli. 
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Double Jeopardy: Both Overexpression and Suppression of a 
Redox-Activated Plant Mitogen-Activated Protein Kinase 
Render Tobacco Plants Ozone Sensitive 

Marcus A. Samuel and Brian E. Ellls^ 

Biotechnology Laboratory, University of British Columbia, Vancouver, British Columbia, V6T 1Z3 Canada 

In plants, the role of mitogen-activated protein kinase (MAPK) in reactive oxygen species (ROS)-based signal transduc- 
tion processes is elusive. Despite the fact that ROS can induce MAPK activation, no direct genetic evidence has linked 
ROS-induced MAPK activation with the hypersensitive response, a form of programmed cell death. In tobacco, the ma- 
jor ROS-induced MAPK is salicylate-induced protein kinase (SIPK). We found through gain-of-function and loss-of- 
f unction approaches that both overexpression and RNA interference-based suppression of SIPK render the plant sen- 
sitive to ROS stress. Transgenic lines overexpressing a nonphosphorylatable version of SIPK were not ROS sensitive. 
Analysis of the MAPK activation profiles in ROS-stressed transgenic and wild-type plants revealed a striking interplay 
between SIPK and another MAPK (wound-induced protein kinase [WIPK]) in the different kinotypes. During continuous 
ozone exposure, abnormally prolonged activation of SIPK was seen in the SIPK-overexpression genotype, without WIPK 
activation, whereas strong and stable activation of WIPK was observed in the SIPK-suppressed lines. Thus, one role of 
activated SIPK in tobacco cells upon ROS stimulation appears to be control of the inactivation of WIPK. 



INTRODUCTION 

Mitogen-activated protein kinase (MAPK) modules fonn a 
key part of the eukaryotic signal transduction network that 
links environmental inputs to a wide range of modifications 
of cellular functions, ranging from cell division to cell death. 
In plants, MAPK signaling has been implicated in defense 
against pathogens and herbivores, in cellular responses to 
auxin, abscisic acid, and other phytohonmones, in cell cycle 
control, in the induction of programmed cell death, and in re- 
sponses to abiotic stresses such as UV light and ozone (Zhang 
and Klessig, 1997; Kovtun et al., 1998; Romeis et al., 1999; 
Heimovaara-Dijkstra et al., 2000; Samuel et al., 2000; 
Nishihama et al., 2001 ; Yang et al., 2001 ; Miles et al., 2002). 

A variety of stress responses have been found to involve 
the rapid activation of a specific subset of plant MAPKs, no- 
tably Arabidopsis MPK6 (Ichimura et al., 2000; Kovtun et al., 
2000; NQhse et al., 2000; Yuasa et al., 2001) and its orthologs 
in other species, such as salicylic acid-induced protein ki- 
nase (SIPK) in tobacco (Zhang and Klessig, 1998a, 1998b; 
Romeis et al., 1999; Mikolajczyk et al., 2000; Samuel et al., 
2000; Zhang et ai., 2000) and salt stress-induced MAPK 
(SIMK) in alfalfa (Cardinale et al., 2000). Because many blotic 
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and abiotic stressors (virus infection, treatment with microbial 
elicitors, wounding, and osmotic stress) elicit a very rapid ox- 
idative burst in plant cells, the apparent convergence of dis- 
parate stress signals on this particular MAPK node may be 
related to the sensitive response of MPK6/SIPK to redox 
perturbation. 

Exposure to ozone immediately creates an oxidizing envi- 
ronment in plant tissues and triggers an array of cellular re- 
sponses, including the accumulation of antioxidants, elicita- 
tion of pathogenesis-related proteins, deposition of phenols, 
induction of ethylene synthesis, suppression of primary met- 
abolic activities such as photosynthesis, and eventually cell 
death (Damall, 1989; Schraudner et al., 1992; Conklin and 
Last, 1995; Sharma and Davis, 1997; Tuomainen et al., 
1997). Ozone enters the plant mesophyll through the sto- 
mata and diffuses through inner air spaces. In the cell wall 
and ptasmalemma, it is converted spontaneously to reactive 
oxygen species (ROS) by contact with either water or mem- 
brane components (Sharma and Davis, 1997). The ozone- 
induced cell death process is influenced by the interaction 
of multiple signaling molecules, including salicylic acid, jas- 
monlc acid, and ethylene (Orvar and Ellis, 1 997; Ovemnyer et al., 
2000; Rao etal., 2000). 

One of the earliest responses elicited by ozone and other 
ROS generators in plants is the activation of specific MAPKs 
(Samuel et al., 2000; Desikan et al., 2001). The primairy ROS- 
activated tobacco MAPK has been identified as the 46-kD 
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SIPK; a second MAPK, the 44-kD wound -induced protein 
kinase (WIPK), usualiy responds more weakly (Kunnar and 
Klessig, 2000; Samuel et al., 2000). 

The rapid activation of these MAPKs suggests that their 
action on downstream targets could be important for the 
modulation of the cellular response to increased oxidative 
damage, but direct evidence for that role is lacking in plants. 
No intracellular substrates have been identified for either 
SIPK or WIPK, nor have loss-of-function genotypes been as- 
sessed for their ability to control redox stress. Stable overex- 
pression or suppression of SIPK or WIPK in transgenic to- 
bacco apparently did not result in the alteration of its activity 
(Yang et al., 2001). By contrast, transient overexpression of 
SIPK or its upstream activator, NtMEK2, in an active form 
has been shown to lead to the activation of either SIPK or 
both SIPK and WIPK, with associated induction of defense 
genes and hypersensitive response (HR)-like cell death (Yang 
et aL, 2001; Zhang and Liu, 2001). This finding suggests that 
SIPK may play a role as a positive regulator in the cell death 
pathway. 

The previously reported inability to produce SIPK-sup- 
pressed lines, and the lack of phenotype or alteration of SIPK 
activity reported for overexpression lines (Yang et al., 2001), 
have suggested that the normal functioning of this kinase 
may be essential for cell survival. However, we report here, 
using RNA interference (RNAi) technology, the recovery and 
analysis of transgenic tobacco plants in which SIPK Is either 
overexpressed ectopically or largely eliminated. These plants 
display distinctive ozone response phenotypes that confirm 
the importance of SIPK activation for the effective control of 
ROS damage and also reveal an unexpected interplay between 
the activities of SIPK and WIPK. 



RESULTS 



Infiltration of fully grown tobacco leaves with a suspension 
of Agrobacterium tumefaciens cells carrying a SIPK-FLAG 
overexpression construct resulted in the accumulation of the 
epitope-tagged SIPK protein in the infiltrated tissue within 48 h. 
In unstressed cells, endogenous SIPK was not phosphory- 
lated at the TXY motif found in the activation loop of the ki- 
nase, as indicated by the absence of any signal in the con- 
trol lane of a protein gel blot (Figure 1C) prepared using an 
anti-pMAPK antibody that specifically recognized the dou- 
bly phosphorylated protein. In the infiltrated tissue, however, 
at least a portion of the pool of. SIPK became activated by 48 h 
after infiltration, with even greater activation observed by 
72 h. In the same period, the infiltrated zones showed signs 
of tissue collapse, and by 96 h, these zones became com- 
pletely necrotic (Figure 1A). 

When leaves were coinfiltrated with Agrobacterium carry- 
ing the SIPK-Fl_AG overexpression construct plus an RNAi 
construct that targeted SIPK, both expression and activation 
of SIPK-FLAG were suppressed completely (Figures 1B and 
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Figure 1. Post-Transcriptional Gene Silencing-lnduced Suppres- 
sion of Cell Death Triggered by Transient Overexpression of SIPK. 

Coinfiltration with Agrobacterium containing the SIPK-FLAG con- 
struct along with the SIPK-RI construct inhibited the cell death pro- 
cess induced by transient overexpression of SIPK-FLAG alone (A). 
Protein samples extracted at different times after infiltration of the 
constructs were immunoblotted with either antl-FLAG antibody (B) 
or phospho-MAPK-specific antibody (anti-pERK) (C). +, + , and 
•f + + indicate the extent of visible lesions appearing in the infiltrated 
zones. EV, agrobacterium carrying empty vector. 



1C). The cell death induced by the overexpression of SIPK- 
FLAG in the infiltrated zones also was eliminated (Figure 1A). 

The cell death associated with the spontaneous activation 
of SIPK in overexpression (OX) transgenic cells suggested 
that it might be difficult to recover stably transformed lines 
using this construct, but cocultivation of tobacco leaf discs 
with the appropriate Agrobacterium culture and selection on 
kanamycin yielded a number of transgenic lines that were 
found to ectopically express a range of levels of SIPK-FL^G 
(Figure 2A). No spontaneous activation of SIPK was detected 
in these lines, all of which displayed normal growth and devel- 
opment phenotypes. 

Transformation of tobacco leaf discs with the SIPK-RI 
construct also yielded stable transgenic lines, although with a 
sharply reduced frequency. In the recovered Rl lines, silenc- 
ing of endogenous SIPK expression was observed to vary- 
ing degrees, ranging from partial reduction in both SIPK 
mRNA and protein to elimination of both products (Figures 
3B and 3C). The specificity of this silencing was shown by 
the continued expression in most of the recovered Rl lines 
of the closely related NTF4 MAPK gene, whose cDNA se- 
quence is 89% identical to that of SIPK (Figure 3D). The Rl 
lines again showed largely normal growth and development 
phenotypes, although the most severely suppressed lines 
showed some modest tendency to dwarfing (data not shown). 

Plants of both the OX and Rl lines showed no signs of 
spontaneous cell death under normal growth conditions. 
However, exposure of mature OX or Rl leaves to levels of 
ozone that caused no visible injury to wild-type plants (500 
parts per billion [ppb]) resulted in the rapid appearance of 
small necrotic lesions on leaves of both the transgenic 
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Figure 2. Transgenic Tobacco Plants Overexpressing SIPK-FLAG 
Show Increased Ozone Sensitivity. 

(A) Proteins (40 ^.g) extracted from leaves of tine different OX lines 
ectopically expressing SIPK-FLAG were immunoblotted using anti- 
FLAG antibody. 

(B) Transgenic tobacco line OX4 and wild-type tobacco (Xanthi-nc) 
plants {n = 25) were exposed to ozone (500 ppb) for 8 h. The treated 
leaves were photographed 24 h after exposure. 

WT, wild type. 



genotypes (Figures 2B and 3E), The kinetics of this oxidative 
stress damage were quite different. Lesions consistently ap- 
peared on the leaves of OX plants as early as 4 to 6 h, but 
visually similar lesions only appeared on Rl leaves ^2A h 
later. In plants challenged with lower ozone concentrations 
(250 ppb), an analogous pattern was observed except that 
the necrotic responses were delayed until 48 h (OX) and 72 h 
(Rl) (data not shown). When leaf discs prepared from the 
wild-type, OX, and Rl genotypes were assayed for the loss 
of membrane integrity and associated Ion leakage resulting 
from ozone exposure (500 ppb), differential timing of the 
damage response also was observed (Figure 4). 

To assess in situ the relative levels of hydrogen peroxide 
accumulation induced by ozone exposure, control and ozone- 
treated leaf halves were infiltrated with 3,3'-diaminobenzidine 
solution. The staining patterns revealed no detectable levels 
of hydrogen peroxide in untreated leaves of any of the geno- 
types or in leaves of wild-type plants after 3 h of ozone ex- 
posure. However, strong 3,3'-diaminobenzidine staining was 
observed in both the OX and Rl lines after ozone treatment 
(Figure 4B). 

The observation that overexpression of SIPK-FLAG in in- 
filtrated leaves was accompanied by the spontaneous acti- 
vation of MARK and by cell death raised the question of 
whether activation of the ectopically expressed protein was 
necessary for the induction of cell death. Therefore, site- 
directed mutagenesis was used to create a version of SIPK- 
FLAG in which the TEY motif found in the activation loop of 
SIPK had been converted to an AEF sequence. This modifi- 



cation yielded a kinase that retained a low level of basal ac- 
tivity when the recombinant protein was assayed in vitro 
against myelin basic protein (Figure 5A), but It could not be 
activated further through dual phosphorylation of the activa- 
tion loop by upstream MARK kinases. Unlike the SIPK-FLAG 
construct, when transiently expressed in tobacco leaves, the 
SIPK(AEF)-FLAG construct failed to cause cell death in the 
infiltrated zone (data not shown). 

Stably transformed tobacco plants expressing high levels 
of SIPK(AEF)-FLAG also were recovered readily after Agro- 
bacterium cocultivation, and these plants displayed no visi- 
bly altered plienotype. Despite accumulating similar levels 
of the epitope-tagged kinase (Figure 5B), the ozone sensitiv- 
ity of these SIPK(AEF) transgenic lines did not differ from that 
of wild-type plants (data not shown). This finding indicates 
that the heightened ozone sensitivity observed in SIPK-OX 
transgenic lines requires not only that the ectopically ex- 
pressed kinase be expressed at high levels within the plant 
cell but that it have the capacity to become activated. 

The activation status of both SIPK and WIPK in tobacco 
tissue extracts can be assessed either on protein gel blots 
using a phosphospecific antibody or by immunoprecipitation 
with antibodies that discriminate between SIPK and WIPK, 
followed by in gel or in vitro kinase activity assays. When the 
various transgenic and wild-type tobacco lines were moni- 
tored during a 30-min period of ozone exposure, striking dif- 
ferences In the pattern of kinase activation were observed 
among these genotypes (Figure 6). 

As reported previously (Samuel et al., 2000), ozone treat- 
ment led to the rapid activation of SIPK in leaves of wild-type 
plants. This was accompanied by a much weaker activation 
of the smaller kinase, WIPK (Figure 6A). In the OX4 genotype, 
ozone exposure also led to SIPK activation, but the level of 
activation appeared to be depressed relative to the wild-type 
response, despite the presence of far greater amounts of ec- 
topically expressed SIPK in the OX cells (Figures 6B and 6C). 
No activation of WIPK was detected in the OX tissue samples. 

The SIPK(AEF) genotype presented a kinase activation pro- 
file that was very similar to that of the wild type. This indicates 
that flooding the cell with a nonactivatable version of SIPK 
(a potential dominant-negative fornn) does not interfere with 
the ability of the upstream MARK cascade elements to trans- 
mit oxidant-induced signals to their cognate MAPKs. 

Exposure of the Rl genotype to ozone, on the other hand, 
yielded a very different MARK activation profile. Very weak 
or no SIPK activation was detected, as would be predicted 
for a genotype in which SIPK expression has been suppressed 
by post-transcriptional gene silencing (Figures 6A and 6C). In- 
stead, ozone exposure produced strong and specific activa- 
tion of WIPK. The identity of these highly activated kinases in 
ozone-treated leaves of each genotype was confiimed through 
immunoprecipitation of the 30-min ozone-treated protein ex- 
tracts with either SIPK- or WIPK-specific antibodies, followed 
by in gel kinase assays (Figures 6D and 6E). 

Aside from the unexpected massive activation of WIPK, 
the stability of that activation also was strikingly different in 
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Figure 3. SIPK-Suppressed Lines Also Are Sensitive to Ozone. 

(A) RNAi construct under the control of the 35S promoter of Cauliflower mosaic virus. 

(B) SIPK Is suppressed in four of the six PCR-positive lines. RNA gel blot analysis was performed using total RNA (15 ^g) extracted from wild- 
type and SIPK-RI lines and probed with the radiolabeled C-ternninal fragnnent of the SiPK ORF. Autoradiography revealed essentially no SIPK 
mRNA In four of the six PCR-positive lines (top). Ethidium bromide staining of the gel showed equal loading of RNA (middle). Immunoblot analy- 
sis of protein samples from the same lines indicated the absence of detectable amounts of SIPK protein in all four SIPK-suppressed lines (bot- 
tom). 

(C) Similar results were observed when reverse transcriptase-mediated PGR was conducted using S/PK-specific primers. 

(D) NTF4 gene expression in the SIPK-suppressed lines was analyzed by reverse transcriptase-mediated PGR using gene-specific primers. 

(E) SIPK-suppressed lines R3 and R5 display ozone-sensitive phenotypes. Plants ^ = 15) of SIPK-suppressed tobacco transgenic lines R3 and 
R5, together with wild-type plants, were exposed to ozone (500 ppb) for 8 h per day for 2 days. The treated leaves were photographed 24 h after 
the end of 2 days of exposure. 

WT. wild type. 



this genetic background. Normally, when oxidants trigger a 
rapid activation of SIPK, it is a transient response. The acti- 
vation is effectively lost within 1 h, even under conditions of 
continuous oxidant stimulus, as seen in Figure 7A (wild-type 
lane). However, in the Rl genotype, WIPK was not only acti- 
vated rapidly but the pool of this MARK remained continu- 
ously active for up to 8 h after the initiation of the response 
(Figure 7A, Rl lane). Although normally there is far less WIPK 
than SIPK present in tobacco leaves (Zhang and Klesstg, 
1998b), the high activation signal observed in the Rl tissue 
extracts did not appear to reflect increased levels of WIPK 
protein in this genotype compared with wild-type plants, as 
assessed by protein gel blot analysis (Figure 70). 

Interestingly, kinase activation by ozone in the OX geno- 
type also was prolonged abnormally, relative to that seen in 
ozone-treated wild-type plants, but in this case, the active 
kinase was SIPK rather than WIPK (Figure 7B). In addition, 
unlike the hyperactivated WIPK pool, the extended activation 
of SIPK in the OX line was more transient and disappeared 
within 4 h. This is approximately the time at which visible le- 
sions began appearing on ozone-treated OX leaves. 

Examination of the temporal response of the two genes 
{GST [glutathione S-transferase] and cAPX [cytosolic ascor- 
bate peroxidase]) whose expression was induced strongly 
by ozone treatment revealed that the loss of SIPK signaling 
in the Rl genotype resulted in a delayed response in the ex- 
pression of both genes. In the OX line, the prolonged activa- 



tion of SIPK signaling resulted in the suppression of GST in- 
duction, whereas i4PX gene expression was unaffected (Figures 
8A and 8B). 



DISCUSSION 

Plant cells must deal constantly with ROS from a range of 
sources, including photooxidation, mitochondrial electron 
transport, flavin oxidase by-products, and environmental in- 
sults such as UV light, ozone, and ionizing radiation. Against 
this background, ROS pulses ("oxidative bursts") also can oc- 
cur within cells, usually as very early responses to localized 
challenges to cellular integrity such as wounding and patho- 
gen assault. These pulses may serve in multiple functions, 
including activation of redox protection mechanisms, modu- 
lation of intracellular signal transduction pathways, and trans- 
mission of systemic signals to neighboring cells. 

A severe oxidative challenge that overwhelms local pro- 
tective measures ultimately will lead to cell death. The ar- 
chetype for this outcome is the HR response induced during 
incompatible host-pathogen interactions. Similar lesions are 
induced by exposure to increased levels of ozone or UV light. 
The exact process by which cellular integrity fails is unclear, 
but the notion that HR represents a form of genetically pro- 
grammed cell death is supported by the identification of nu- 
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Figure 4. Quantitation of Ozone-induced Ceil Death and Hydrogen 
Peroxide Accumuiation in SIPK Kinotypes. 

(A) ion leai<age from leaf discs (five each) of the third and fourth 
leaves of wiid-type. 0X4, and Ri5 lines was assessed as an indicator 
of the loss of membrane integrity 6 and 12 h after the initiation of 
ozone exposure (500 ppb). The data presented are means and stan- 
dard deviations from three independent experiments. 

(B) 3,3'-Diaminobenzidine staining to detect hydrogen peroxide ac- 
cumuiation in ozone-treated leaves of SIPK kinotypes. 

WT. wild type. 



merous nnutants affected in the process of lesion formation 
(Richberg et al.. 1998), 

The correlation of ROS pulses with the cell death process 
has been described extensively. Treatments such as chill- 
ing, wounding, pathogen infection, UV irradiation, and ozone 
exposure rapidly induce ROS accumulation in plant cells, fol- 
lowed later by lesion development. However, despite these 
correlative observations, a functional link between ROS ac- 
cumulation and local lesion formation has yet to be defined. 

It is striking that so many stresses that elicit ROS accu- 
mulation in plant cells consistently appear to activate MAPK 
modules as one of their earliest effects (Seo et al., 1995; Zhang 
and Ktessig, 1998b; Allan et al., 2001; Desikan et al., 2001; 
Orozco-Cardenas et al., 2001). The fvlAPK observed most con- 
sistently to be activated by both applied stresses and ROS is 
SIPK in tobacco (Samuel et al., 2000; Miles et al., 2002) or Its 
apparent orthologs in other species, such as MPK6 in Arabi- 
dopsis (Kovtun et al.. 2000: Yuasa et al.. 2001) and SIMK in 
alfalfa (Cardinale et al., 2000). This pattern suggests that 



SIPK activation might play an Important role in determining 
the response and ultimate fate of the stressed cells. 

Links between ROS-associated cell death and MAPK sig- 
naling have been reported for a number of nonplant systems. 
Hydrogen peroxide-induced cell death in cultured mamma- 
lian oligodendrocyte cells is inhibited by PD98059. a specific 
inhibitor of MEK, the upstream kinase of the ERK1/2 MAPK 
(Bhat and Zhang, 1999), whereas delayed and prolonged acti- 
vation of p44 and p42 MAPKs is critical for genistein-lnduced 
programmed cell death in rat primary cortical neurons (Linford 
et al., 2001). Similarly, delayed and persistent activation of 
ERK1/2 Is associated with glutamate-induced oxidative cyto- 
toxicity in neuronal cell lines (Stanciu et al., 2000). 

There also is evidence that ROS-activated MAPKs may 
play analogous roles in plant cells. Oell death induced in Ar- 
abidopsls cell suspension cultures by treatment with a bac- 
terial elicltor (harpin) is inhibited when the cells are treated 
with the MEK Inhibitor PD98059 (Desikan et al., 1999), whereas 
pretreatment of tobacco cells with staurosporine, a general 
protein kinase inhibitor, suppresses the cell death normally In- 
duced by exposure to fungal ellcitors (Suzuki et al., 1999). 

Genetic manipulation experiments also have implicated 
MAPK activation in the cell death process. In Arabidopsis plants 
overexpressing constitutively active forms of the MAPK kinases 
AtMEK4 and AtMEKS under the control of an inducible pro- 
moter, HR-like lesions appeared after induction with dexa- 
methasone, and lesion formation was preceded by the acti- 
vation of endogenous MAPKs and the accumulation of 
hydrogen peroxide (Ren et al., 2002). Transient overexpresslon 
of a constitutively active form of a MAPK kinase (NtMEK2) in to- 
bacco also led to the sustained activation of MAPKs, identified 
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Figure 5, Activity and Expression of Mutagenized SIPK. 

(A) The recombinant SIPK activation loop mutant is less active than 
wild-type SIPK. Myelin basic protein (MBP)-phosphorylating activi- 
ties of SIPK and SIPK(AEF) were measured by incubating recombi- 
nant proteins (5 p.g) with 5 ixg of MBP. as described In Methods. The 
phospho-MBP product was visualized through autoradiography af- 
ter SDS-PAGE fractionation. 

(B) SIPK(AEF) transgenic lines show high expression of the trans- 
gene product. Proteins (40 (xg) extracted from the different lines 
overexpressing SIPK(AEF)-FLAG were fractionated by SDS-PAGE 
and immunoblotted using anti-FLAG antibody. 

WT, wild type. 
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Figure 6. Differential Ozone-Induced Activation of SIPK and WIPK in SIPK Kinotypes. 

(A) Crude protein extracts prepared from ozone-exposed tissues from T1 lines of the different SIPK kinotypes (RI5, OX4, and AEF8) and the wild 
type were resolved on a 10% polyacrylamide gel^ blotted, and probed with an antl-phospho-ERK antibody to recognize phospho-MAPK forms. 

(B) The same blot was probed subsequently using an anti-FLAG antibody to detect ectopic expression of the transgene product in the different 

kinotypes. 

(C) A replicate protein gel blot was analyzed using a SIPK-specific antibody, revealing high expression of SIPK forms in the overexpressor lines 
and its absence in the SIPK-suppressed lines. 

(D) and (E) Protein samples prepared from ozone-exposed (30 min) tissues from the different kinotypes were immunoprecipitated with either 
SIPK-speclfic (D) or WtPK-speclfic (E) antibodies. The immunoprecipitates were subjected to an in get kinase assay, as described in Methods. 
WT, wild type. 



as SIPK and WIPK, and to the death of the infiltrated tissue 
(Yang et al., 2001). Transient overexpresslon of SIPK itself 
was shown subsequently to result in the formation of HR-like 
lesions, but only in young leaves (Zhang and Liu, 2001). 

We have confirnned that ectopic SIPK overexpresslon leads 
to the appearance of high levels of the activated kinase in Agro- 
bacterium-infiltrated tobacco tissue and to rapid cell death (Fig- 
ure 1). On the other hand, when stably transformed tobacco 
plants were produced that overexpressed epitope-tagged SIPK 
{Figure 2), they displayed no visible phenotype. When exposed 
to ozone, however, the transgenic SIPK-OX plants proved to 
be much more sensitive than the nontransgenic parental line, 
indicating that ROS-induced cell death was controlled less 
effectively in the overexpresslon genotype. 

Although this pattern is consistent with the results of NtMEK2 
or SIPK-OX transient expression, its physiological relevance 
remains uncertain, because we know little about the effects 
of the accumulation of nonphysiological levels of active sig- 
nal components on cellular function. To unambiguously iden- 
tify a functional relationship between ROS activation of SIPK 
and ROS-induced cell death, we turned to the creation of de- 
fined loss-of-function mutants. 

The modification of SIPK function in transgenic tobacco 
plants using either conventional gene-silencing methods (co- 
suppression and antisense-mediated suppression) or overex- 
presslon of dominant-negative forms proved ineffective (Yang et 
al., 2001) (data not shown). However, expression of an intron- 
containing "hairpin RNA" (Smith et al., 2000) designed to target 
a unique tract within the SIPK coding sequence yielded a num- 
ber of transgenic plants in which SIPK expression was sup- 



pressed severely and specifically through post-transcriptional 
gene silencing. Loss of SIPK had no obvious phenotypic conse- 
quences for plants grown under normal greenhouse conditions. 

Given the sensitivity of SIPK-OX lines to ozone, it might have 
been predicted that the absence of this kinase would have no 
effects, or perhaps even positive effects, on the ozone sensitiv- 
ity of the SIPK-RI lines. Instead, after ozone treatments that in- 
duced no visible damage on wild-type plants, the SIPK-RI 
lines developed numerous lesions on their middle leaves within 
24 h. Thus, the inability of the suppressed genotype to gener- 
ate and activate SIPK compromises the cell's ability to manage 
ROS stress and to control cell death, although apparently on a 
different time scale from that observed In SIPK-OX plants. 

Which facet of ROS-stress management has been compro- 
mised in SIPK-OX and SIPK-RI plants is not clear. No consti- 
tutive hydrogen peroxide accumulation was detected in any of 
the genotypes, suggesting that their heightened ozone sensi- 
tivity is not the consequence of a preexisting accumulation of 
ROS. Instead, it appears that alteration of the normal ozone- 
Induced MAPK activation process, through either unregulated 
overexpresslon or suppression, creates an inability to cope 
with increased redox stress. Examination of the transcriptional 
activity of two genes whose mRNAs accumulate rapidly after 
ozone exposure showed that the response of both genes was 
affected differently (Figure 8). 

Expression of cAPX, which encodes a major ROS-scaveng- 
ing enzyme, was induced less effectively by ozone in Rl plants, 
whereas it was unaffected in the OX line. Antisense suppres- 
sion of cAPX was shown previously to create hypersensitivity 
to both ozone (Orvar and Ellis, 1997) and pathogens (Mittler 
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Figuro 7. Loss of SIPK Has Differential Effects on the Expression of 
Ozone-Induced Genes and Leads to the Hyperactivation of WIPK. 

(A) and (B) Extended ozone exposure reveals strong and prolonged 
activation of WIPK in the Rl line. A temporal profile of the phosphor- 
ylation status of SiPK and WIPK was generated through anti-pERK 
immunoblotting of crude proteins extracted from tissues of either 
wild-type and Rl lines (A) or OX and AEF lines (B) exposed to ozone 
for different times (0 to 8 h). 

(C) Alteration of SIPK does not lead to changes in the amount of 
WIPK. Protein extracts from untreated and 4-h ozone-treated tissues 
Irom different kinotypes were immunoblotted with anti-WtPK antibody. 
WT, wild type. 



et al.. 1999) in transgenic tobacco plants. On the other hand, 
ozone-induced expression of GST, a general cellular pro- 
tectant, was suppressed strongly in the OX line, but its ex- 
pression was delayed markedly in the Rl line. In Arabldopsis, 
both hydrogen peroxide and ozone induce GST expression 
(Clayton et al., 1999; Grant et al., 2000), and this expression 
has been demonstrated to require the activity of an unidenti- 
fied 48-kD MARK and calcium ion influx. Calcium channel 
activity also is essential for the ROS activation of SIPK in to- 
bacco (Samuel et al., 2000). 

The delayed response of the antioxidant genes in the Rl 
line could result in increased early accumulation of ROS (Fig- 
ure 4B), which could lead to a necrotic cell death process. In 
the ox line, although the cAPX gene response to ozone ap- 
peared to be normal, the antioxidant response clearly was 
unable to contain the increasing ROS levels associated with 
extended SIPK activation (Figure 4B). MARK activation has 
been linked previously to increased ROS accumulation in Ar- 
abidopsis (Ren et al.. 2002). A broader comparison of tran- 
script profiles should generate useful insights into other con- 
nections between the transmission of redox signals by SIPK 
and the ability of the cell to avoid oxidative cell death. 

Another aspect of the link between SIPK activation and 
cell death is revealed in the pattern of MAPK activation in ROS- 
stressed plants. The activation of SIPK by ozone occurred 
within 10 min in SIPK-OX plants but was not reversed for 4 h, 
by which time cell death already was becoming visible. This 
outcome is similar to the association of the prolonged activa- 



tion of mammalian ERK with the induction of programmed cell 
death in neurons (Stanciu et al., 2000). Considered together 
with the results of the transient expression experiments, this 
finding demonstrates that the unregulated continuous activity 
of SIPK within plant cells profoundly affects normal homeo- 
static mechanisms. 

The absence of SIPK in the SIPK-RI genotype also led to 
premature cell death under redox stress conditions, but in this 
case, the hyperactivated species observed was WIPK rather 
than SIPK. There have been other indications that WIPK plays 
a central role in plant stress signaling. This gene was identified 
originally on the basis of its rapid and transient induction upon 
wounding of tobacco leaves (Seo et al., 1995), and the gene 
product was shown later to be activated transiently by wound- 
ing (Seo et al., 1999) and by various other stresses (Romeis et 
al.. 1999: Zhang et al., 2000). WIPK activation usually is ac- 
companied by the activation of SIPK, but SIPK and WIPK do 
not always respond in unison; some oxidative stresses appear 
to activate SIPK preferentially and leave WIPK unaffected 
(Kumar and Klessig, 2000; Samuel et al., 2000). 

WIPK activity, either alone or together with SIPK, has been 
suggested to be involved in the induction of cell death in cul- 
tured tobacco cells by specific fungal elicitor treatments 
(Zhang et al.. 2000). Pretreatment of the elicited cells with stau- 
rosporine and K252A (protein kinase inhibitors) completely 
suppressed both WIPK activation and cell death. However, 
transient overexpression of WIPK did not result in its activation 
and failed to induce cell death in infiltrated tobacco leaves, un- 
like overexpression of SIPK (Zhang and Liu, 2001). In another 
study, the stable overexpression of WIPK in transgenic to- 
bacco was accompanied by the constitutive expression of 
protease inhibitor II and the accumulation of methyl jasmonate 
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Figure 8. Alteration of SIPK Signaling Affects the Expression of GST 
and cAPX. 

RNA gel blot analysis of the accumulation of cAPX (A) and GST 
mRNA (B) in wild-type, SIPK-overexpressing, and SIPK-suppressed 
transgenic tobacco. Plants were exposed to ambient air (C) or 500 
ppb of ozone for 2, 4, and 8 h, and total RNA was harvested from 
the third and fourth leaves. 
WT, wild type. 
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(Seo et al.. 1999), but the oxidative stress sensitivity of the 
WIPK-OX lines was not reported. 

How SIPK elimination leads to the prolonged hyperactiva- 
tion of WIPK is unknown, but various possibilities suggest 
thenDselves. If NtMEK2 is the sole upstreann MAPK kinase re- 
sponsible for the activation of both SIPK and WIPK, these 
two MAPKs nnay normally compete for binding to NtMEK2. 
However, basal levels of SIPK in unstimulated tobacco cells 
are much higher (10-fold) than those of WIPK (Zhang and 
Klessig, 1998b). In the absence of competition from SIPK, 
activation of WtPK by NtMEK2 activation in SIPK-RI cells may 
be much more efficient than usual. This scenario also might 
explain why WIPK remains largely inactivated in ozone-treated 
SIPK-OX tissues in which an excess of SIPK is present. How- 
ever, although this model accounts for WIPK hyperactiva- 
tion, it does not necessarily explain why that activation is 
prolonged abnormally. 

Alternatively, one of the normal roles of activated SIPK may - 
be the direct or indirect regulation of WIPK activity. Both dual- 
specificity phosphoprotein phosphatases (MKP) and Ser/Thr 
phosphatases have been implicated in inactivating MAPK 
pathways in mammalian and plant models (Brondello et al., 
1997; Meskiene et al., 1998; Ulm et al., 2001 ; Westermarck et 
al,, 2001). If SIPK activity is required for the induction or ac- 
tivation of a protein phosphatase that normally acts upon 
phospho-WIPK, the absence of SIPK from oxidant-stressed 
SIPK-RI cells would create a situation in which WIPK could be 
activated by its cognate MAPK kinase but could not be inactl- 
vated subsequently. 

In this regard, it is interesting that Arabidopsis plants in 
which a dual-specificity phosphatase (AtMKP-1) has been 
mutated by T-DNA insertional mutagenesis display increased 
activation of an unidentified '^49-kD MAPK and are more sus- 
ceptible to ROS-generating stresses (e.g., UV light) (Ulm et 
al., 2001). On the other hand, MP2C. an alfalfa Ser/Thr phos- 
phatase belonging to the PP2C class, has been shown to be a 
negative regulator of the MAPK pathway involving stress-acti- 
vated MAPK, an apparent ortholog of WIPK (Meskiene et al., 
1998). Both classes of protein phosphatase could be in- 
volved in cross-regulation mechanisms. Resolution of this 
question, and of the relative importance of the loss of SIPK 
activity versus the enhancement of WIPK activity in controlling 
oxidant-induced cell death, will require the development and 
analysis of other relevant single and multiple loss-of-function 
genotypes. These studies are now under way. 



METHODS 

Plant Material and Treatment 

Tobacco {Nicotiana tabacum) plants of all genotypes were grown for 
6 weeks in soil under controlled environmental conditions (25/20''C, 
16-h-light/8-h-dark cycle) and then exposed to ozone (500 parts per 
billion) and harvested as described previously (Orvar and Ellis, 1997). 



Recombinant Protein Production 

The open reading frame (ORF) of salicylate-induced protein kinase 
(S/PK) was amplified by reverse transcriptase-mediated (RT) PGR 
using gene-specific primers and RNA isolated from untreated leaves 
of tobacco cv Xanthi-nc. The amplicon was cloned in frame into the 
expression vector pGEX 4T-3. Mutations in the activation loop of 
SIPK were introduced using a PCR-mediated approach, taking ad- 
vantage of the unique Nhel restriction site close to the activation 
loop. The mutational primers were designed so that the mutant form 
would code for AEF instead of TEY at amino acid positions Thr-218 
and Tyr-220, 

The S/PK(AEF) gene construct then was cloned into pGEX 4T-3. 
The recombinant glutathione S-transferase (GST) fusion proteins 
were expressed in Escherichia coli BL21 cells by induction with 0.1 
mM isopropylthio-p-galactoside for 4 h at 25°C, followed by purifica- 
tion according to the manufacturer's protocol (Amersham Pharma- 
cia). The different constructs were sequenced to confirm the changes 
and the absence of mismatches. 



Intron-Spliced Hairpin Loop RNA-SIPK Construct 

The double-stranded RNA Interference construct was tailored 
through a PCR-mediated approach using the N-terminal sequence of 
the S/PK ORF. A minimal intron based on the splice junctions and 
flanking regions of the fourth intron of AtMPKS (the Arabidopsis 
ortholog of SIPK) was incorporated into the sense-strand primer. The 
sense strand then was amplified using a primer combination that 
generated an EcoRI cleavage site and intron-Xbal sequence on the 
opposite ends of the product, whereas the antisense strand was am- 
plified using a primer combination that added BamHl and Xbal sites on 
the opposite ends of the product. These two products were direction- 
ally cloned into EcoRI-BamHI-processed Bin19/pRT101 through a tri- 
ple ligation, which placed the RNA interference constnjct under the 
control of the 35S promoter of Cauliflower mosaic virus (Figure 3A). 



Binary Vector Construction and Plant Transformation 

The different SIPK overexpression constructs were tagged with a C-ter- 
minal FLAG epitope through a PCR-mediated approach, followed by li- 
gation into the plant expression vector Bin19/pRT101, which contains 
an npf//-selectable marker. All of the constructs were sequenced to con- 
firm the presence of appropriate changes. The recombinant binary vec- 
tor was used to transform competent Agrobacterium tumefaciens 
(EHA105) cells by a freeze-thaw transformation procedure. 

Agrobacterium-mediated transformation of tobacco (cv Xanthi-nc) 
was performed using a leaf disc cocultivation procedure. Transfor- 
mants were selected on half-strength Murashige and Skoog (1962) 
culture medium containing 50 mg/L kanamycin. Surviving plantlets 
were screened by PCR using 353 forward and gene-specific reverse 
primer combinations. Positive transformants then were screened by 
protein gel blot analysis (see below) using an anti-FLAG antibody for 
the SIPK overexpression lines and anti-SIPK antibodies to assess 
the Rl suppression lines. 

The confirmed transgenic lines were transferred to soil and grown 
to maturity, and seeds were collected. The T1 seeds were germi- 
nated on half-strength Murashige and Skoog (1962) medium with 50 
mg/L kanamycin, and antibiotic-resistant plants were transferred to 
soil and grown under controlled conditions. 
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Transient Transformation Using Agrobacterium Infiltration 

Four- to 6-week-old wild-type tobacco plants (cv Xanthi-nc) were 
used for infittration experiments as described previously (Yang et al., 
2001). Tills involved leaf infiltration with a mixed culture (OD of 0.4 at 
600 nm) of Agrobacterium EHA1 05 containing the SIPK-FLAG overex- 
pression construct plus an equal population of Agrobacterium con- 
taining either the empty vector or the SIPK-Rl construct. At the indi- 
cated times (Figure 1), the infiltrated area was cut from the leaf, frozen 
in liquid nitrogen, and stored at -80"*C until further analysis. 



RNA Gel Blot and RT-PCR Analysis 

Total RNA (15 m-9) was resolved on 1% agarose-formaldehyde gels, 
blotted, and probed as described previously (Orvar and Ellis, 1997). 
The 600-bp C-terminal fragment of the SIPK ORF and PCR-amplified 
fragments of the cytosolic ascorbate peroxidase (cAPX) and GST 
were used as probes. Gene-specific primers were used to amplify 
the ORFs of cAPX (fonward, 5'-AGAAGAATTGCTATGGGTAAGTG-3'; 
reverse, 5'-GCAAGCTTAAGCTTGAGCAAAT-3') and GST (fonward, 
5'-ATGGCGATCAAAGTGCATGGTA-3'; reverse. 5'-l I II IGCAG- 
CTTCTCCAATCCC-3') using cDNA as the template. 

The cDNA was synthesized from total RNA extracted from control 
and ozone-exposed tissues of the different genotypes/treatments 
using a first-strand cDNA synthesis kit (Invltrogen, Carlsbad, CA). 
RT-PCR was performed using gene-specific primers designed to tar- 
get either SIPK (25 cycles) or NTF4 (30 cycles). The number of cycles 
was adjusted so that the amplification was within the linear range. As 
an internal control, 18S ribosomal cDNA was amplified using a 1:4 
ratio of IBS-specific primers to competitor's DNA fragments pro- 
vided by Ambion (Austin, TX). 



Protein Extraction and Protein Gel Blot Analysis 

Total protein extracts were prepared (40 to 80 p-g) and used for pro- 
tein gel blot analysis as described previously (Samuel et al., 2000). A 
primary antibody dilution of 1 :1 000 was used for anti-pERK (New En- 
gland Biolabs. Beverly, MA), and a dilution of 1 :5000 was used for anti- 
SIPK. anti-wound-inducad protein kinase (WIPK) (Seo et al., 1999; Y. 
Ohashi. personal communication), and anti-FLAG (Sigma) antibodies. 



Immune Complex Kinase Assay 

Immunoprecipitations were performed as described previously 
(Samuel et at., 2000) using 250 \lq of extracted protein together with 
5 p.g of either anti-SIPK or anti-WIPK antibodies. The immunoprecip- 
itates were analyzed in an in gel kinase assay as described previ- 
ously using myelin basic protein as the substrate (Zhang and Klessig, 
1997). 



In Vitro Kinase Assays 

GST fusion proteins (5 ixg) of the wild-type and mutant S1PK(AEF) were 
incubated with 5 of myelin basic protein and 10 |j,Ci of y-^^P- 
labeled ATP (>5000 Ci/mmol) (Amersham Pharmacia) in a 20-p,L re- 
action mixture (20 mM Hepes, pH 7.5. 5 mM MgCtj, 1 mM EGTA, 5 
mM 3-mercaptoethanol. 2 mM Na3V04, and 20 mM p-glycerophos- 



phate) at 30°C for 30 min. The reaction was stopped with 6 x SDS 
loading buffer, and the samples were resolved on a 15% polyacryl- 
amide gel, blotted onto a nylon membrane, and visualized by autora- 
diography. 

Ion-Leakage Assay 

Five leaf discs (9 mm) were cut from each of the third and fourth 
leaves of ozone-exposed and untreated plants of the wild type, OX4, 
and RI5 lines. The 10 leaf discs were incubated in 5 mL of deionized 
water at 25X on a gyratory shaker at 1 10 rpm for 4 h, and the 
conductivity of the solution was measured as described previously 
(Mittleret al., 1999). 

In Situ Staining for Hydrogen Peroxide 

Hydrogen peroxide was visualized in situ by 3,3'-diaminobenzidine 
staining performed essentially according to Torres et aL (2002). Leaf 
halves were collected after 8 h of ozone exposure (500 parts per bil- 
lion) and vacuum infiltrated with the 3,3'-diaminobenzidine (1 mg/ 
mL) solution. Infiltrated leaves were placed under high humidity until 
brown precipitation was obsen/ed (5 to 6 h) and then fixed with a so- 
lution of ethanol:lactic acid:glycerol (3:1:1, v/v) for 2 days, followed 
by further clearing in methanol. Unless indicated otherwise, all exper- 
iments were repeated with consistent results. 

Upon request, all novel materials described in this article wilf be 
made available in a timely manner for noncommercial research pur- 
poses. No restrictions or conditions will be placed on the use of any 
materials described in this article that would limit their use for non- 
commercial research purposes. 
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A Classical Arabinogalactan Protein Is Essential for the 
Initiation of Female Gametogenesis in Arabidopsis 
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Classical arabinogalactan proteins (AGPs) are an abundant class of cell surface proteoglycans widely distributed in 
flowering plants. We have used a combination of enhancer detection tagging and RNA interference (RNAiHncluced 
posttrancrlptlonal silencing to demonstrate that >%GPt8, a gene encoding a classical arabinogalactan protein, is essential for 
female gametogenesis in Arabidopsis thaiiana. AGP18 is expressed tn cells that spatially and temporally define the 
sporophyticto gametophytic transition and during early stages of seed development. More than 75% of theTI transformants 
resulted In T2 lines showing reduced seed set during at least three consecutive generations but no additional developmental 
defects. i4GPf6-silenced T2 lines showed reduced AGP18 transcript levels In female reproductive organs, the presence of 
21-bp RNA fragments specific to the AGP18 gene, and the absence of in situ AGP18 mRNA localization in developing ovules. 
Reciprocal crosses to wild-type plants indicate that the defect is female specific. The genetic and molecular analysis of 
AGPtS-silenced plants containing a single T-DNA RNAI insertion suggests that posttranscriptional silencing of AGP18 Is 
acting both at the sporophytic and gametophytic levels. A cytological analysis of all defective AGPT8-RNAi lines, combined 
with the analysis of molecular markers acting at key stages of female gametogenesis, showed that the functional megaspore 
fails to enlarge and mitotically divide, indicating that AGPfS is essential to initiate female gametogenesis tn Arabidopsis. Our 
results assign a specific function in plant development to a gene encoding a classical AGP. 



INTRODUCTION 

The life cycle of flowering plants consists of a diploid sporophytic 
phase and two morphologically different haploid gametophytic 
phases taking place in specialized reproductive organs. Distinct 
types of meiotically derived cells give rise to the male and female 
gametophytic phases. In the anther, many microsporocytes 
develop into pollen grains, which harbor the sperm cells and 
represent the male gametophyte. In the ovule, usually a single 
sporophytic cell (the megaspore mother cell [MMC]) undergoes 
meiosis and gives rise to four haploid products (the megaspores) 
during a process referred to as megasporogenesis. While three 
of the megaspores undergo programmed cell death, a single 
functional megaspore enlarges and gives rise to the female 
gametophyte (or megagametophyte). In Arabidopsis thaiiana, 
female gametogenesis Initiates when the single functional mega- 
spore divides mitotically to form an eight-nucleate syncltium. 
Subsequent celtularlzatlon partitions the eight nuclei into seven 
cells: an egg cell and two synergids at the distal (or micropylar) 
pole of the female gametophyte, three antlpodals at the proximal 
(or chalazal) pole, and a btnucleated central cell whose nuclei 
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fuse before fertilization. This type of development and organiza- 
tion of the female gametophyte defines the Polygonum type that 
prevails in >70% of the species examined (Maheshwari, 1950; 
Willemse and van Went, 1984; Reiser and Fischer, 1993; Drews 
and Yadegari, 2002). Whereas the fusion of a sperm with the egg 
cell forms a zygote that subsequently develops into an embryo, 
fertilization of the binucleated central cell eventually gives rise to 
the endosperm, a triploid tissue essential for seed viability. 

Little is known about the genetic basis and molecular mech- 
anisms that regulate the initiation of female gametogenesis in the 
ovule. A large collection of both sporophytic and gametophytic 
mutants defective in female gametophyte development has been 
identified in Arabidopsis (Schneltz et al., 1 997; Christensen et al., 
1998; Howden et al., 1998; Grini et al., 1999; Drews and 
Yadegari, 2002). Whereas sporophytic mutations act at the 
diploid level and are inherited in a Mendelian 3:1 ratio, gameto- 
phytic mutants are poorly transmitted through either one or both 
types of gametes and exhibit distorted segregation patterns. 
Many mutants that disrupt meiosis have been isolated 
(Klimyuk and Jones. 1997; Siddiqi et al., 2000; Yang and 
Sundaresan, 2000; Reddy et al.. 2003), but little is known about 
other developmental aspects of megasporogenesis. To date, 
SPOROCYTELESS {SPO)/NOZZLE is the only gene shown to be 
required for the initiation of microsporogenesis and megaspo- 
rogenesis (Schiefthaler et al., 1999; Yang et al., 1999). SPO 
encodes a nuclear protein related to MADS box transcription 
factors that is expressed during early anther and ovule develop- 
ment. In plants homozygous for tiadad (tidd) and prolifera (prf), 
female gametophyte development is arrested at either the two- 
nucleate or the four-nucleate stage, respectively. Whereas the 
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gene responsible for the mutation in hdd has yet to be identified 
(Moore et al., 1997), PRL encodes a Mcm7-like licensing factor 
essential for DNA replication (Springer et al., 1995). Two In- 
sertionai alleles in CYTOKININ-INDEPENDENTI , a gene encod- 
ing a putative Arabidopsis His kinase, were shown to cause 
nuclear degeneration in the fennale gametophyte as early as the 
four-nucleate stage (Christensen et al., 1998; Pischke et al.. 
2002). Recently, the NOMEGA gene was shown to be required 
for cell cycle progression beyond the two-nucleate stage; 
NOMEGA encodes a putative APC6/CDC16 component of the 
anaphase promoting complex in Arabidopsis (Kwee and Sun- 
daresan, 2003). Several additional gametophytic mutants that 
fail to progress beyond the one-nucleate haploid stage have 
been identified (Christensen et al., 1998), but the corresponding 
genes have yet to be isolated and characterized. 

Numerous studies showing that modifications of plant growth 
conditions can alter the sporophyte to gametophyte transition 
(Bell, 1 989) or even the whole plant reproductive outcome (Knox, 
1967) indicate that the presence of molecular signals that de- 
termine the fate of competent cells is fundamental for switching 
from a sporophytic into a gametophytic developmental pathway. 
Several regulatory proteins have been shown to have important 
functions in cell signaling and recognition during plant develop- 
ment. Arabinogalactan proteins (AGPs) are an abundant and 
heterogeneous class of highly glycosylated Hyp-rich glycopro- 
teins widely distributed in the plant kingdom (Fincher et al., 1 974; 
Clarke et al., 1979; Kreuger and van Hoist, 1996; Sommer- 
Knudsen et al., 1998; Caspar et aL, 2001; Showalter, 2001). The 
recent characterization of genes encoding different AGP back- 
bones in several species gave rise to the current distinction 
between classical and nonclassical AGPs (Chen et al., 1994; Du 
et al., 1994; Mau et al., 1995; Knox, 1999). Classical AGPs 
contain a domain responsible for attaching the protein backbone 
to a glycosylphosphotidylinositol (GPI) membrane anchor 
(Schultz et al.. 1998; Youl et al,, 1998; Sherrier et al., 1999; 
Schindelman et al., 2001 ; Borner et al.. 2002; Sun et aL, 2004). By 
contrast, nonclassical AGPs lack the GPI anchor signal and 
are soluble components of the extracellular matrix often 
containing Asn- or Hyp-rich domains (Majewska-Sawka and 
Nothnagel. 2000; Schultz et al., 2000; Gaspar et al., 2001). 
Molecular and biochemical evidence indicates that AGPs have 
specific functions during root formation (Willats and Knox, 1996; 
Casero et al,, 1998; van Hengel and Roberts, 2002), the pro- 
motion of somatic embryogenesis (Serpe and Nothnagel, 1994; 
Kreuger and van Hoist. 1 993, 1 996; van Hengel et al., 2001 ; van 
Hengel and Roberts, 2002), or the attraction of pollen tubes in the 
style (Du et al., 1994; Cheung et al., 1995; Wu et al., 1995; Jauh 
and Lord, 1996; Roy et al, 1998). The use of monoclonal 
antibodies directed against carbohydrate epitopes provided 
evidence suggesting that AGPs play an important role during 
the alternation between sporophytic and gametophytic transi- 
tions in the ovule (Pennell and Roberts, 1990; Pennell etal., 1991 ; 
McCabe et al.. 1997). Although these studies elegantly showed 
that the establishment of a female reproductive lineage is 
associated with changes in the distribution of AGP epitopes 
(Pennell et al.. 1992), they did not identify a specific AGP protein 
or the corresponding gene acting during ovule development or 
early embryo formation. A few mutations altering the activity of 



specific genes encoding AGPs in Arabidopsis have been de- 
scribed. Homozygous plants for resistant to agrobacterium 
transformation 1 are resistant to root-dependent transformation 
via Agrobacterium tumefaciens (Nam et al., 1999); however, 
mutant plants are phenotypically indistinguishable from the wild 
type, and no developmental defects associated with the muta- 
tion have been described. The mutation is caused by a T-DNA 
insertion within the promoter region of the Arabidopsis AGP17 
gene (Gaspar et al. , 2001 ). A second insertional mutant in a gene 
encoding a nonclassical AGP (/\GP30) has recently been shown 
to be involved in root regeneration and seed germination (van 
Hengel and Roberts, 2003). Recently, hybrid-type proteoglycans 
having properties of both AGPs and lip id -transfer proteins have 
been shown to be essential for the differentiation of tracheary 
elements in Zinnia elegans and Arabidopsis (Motose et al., 2004). 

In this study, we report the enhancer detection-based identi- 
fication of AGP18, a classical AGP gene that specifically acts 
during female gametophyte development in Arabidopsis. To 
determine the function of AGP18, we introduced double- 
stranded RNA in wild-type piants and specifically degraded the 
endogenous /AGP7 8 transcript by RNA interference (RNAi). More 
than 75% of the primary transformants resulted in lines showing 
reduced seed set but no additional developmental abnormali- 
ties. Reciprocal crosses to wild-type plants suggested that the 
defect is female specific. The genetic and molecular analysis of 
a line containing a single T-DNA RNAi Insertion suggests that 
posttranscriptional silencing of AGP18 is acting both at the 
sporophytic and gametophytic levels. The cytological analysis of 
all defective yAGP7S-RNAi lines indicates \haXAGP18 is essential 
to Initiate female gametogenesis in Arabidopsis. Our results 
assign a specific function in plant development to a gene 
encoding a classical AGP. 

RESULTS 

Enhancer Detection Tagging ofAGPIS 

Using the system established by Sundaresan et al. (1995), we 
have generated a Ds enhancer detector and a gene trap 
population to identify patterns of expression associated with 
genes acting during female gametophyte development in Arabi- 
dopsis. The enhancer detection vector relies on a maize {Zea 
mays) Ds transposon carrying a p-glucoronidase reporter gene 
{uidA or GUS) under the control of a minimal promoter. Such 
a reporter construct is not trapping genes but rather integrating 
into genomic sequences to serve as a detector of any given 
regulatory sequence that is acting as an enhancer of promoter 
activity at the specific location of the insertion (Bellen, 1999; 
Springer, 2000). The Ds enhancer detector element (DsE) also 
contains the neomycin phosphotransferase II {NPTIl) gene (con- 
ferring resistance to kanamycin); NPTIJ acts as a selectable 
marker and facilitates the genetic analysis of segregating en- 
hancer detector or gene trap lines. 

Whole-mount staining and clearing procedures allow screen- 
ing for reporter gene expression (GUS) at different develop- 
mental stages encompassing megasporogenesis and female 
gametogenesis, from the time when the ovule primordium has 
just started its elongation (before MMC differentiation) to stages 
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where the female gametophyte rs fully differentiated (J. -P. Vielle- 
Calzada and U. Grossniklaus, unpublished results; Vielle- 
Catzada et al., 2000). Figure 1 shows the pattern of GUS 
expression identified in MET333. MET333 shows initial GUS 
expression in the chalazal region of the four-nucleate female 
gametophyte (Figure 1A), At the eight-nucleate stage, expres- 
sion is restricted to the young antipodal cells and the celtularizing 




Figure 1. Pattern of GUS Expression in the Enhancer Detector Line 
MET333. 

(A) Fennale gametophyte at four-nucleate stage. 

(B) Cellularized female gametophyte. 

(C) Mature female gametophyte before fertilization. 

(D) Female gametophyte after fertilization. 

(E) Embryo at four-cell stage. 

(F) Mature pollen with GUS expression associated with the vegetative 
nucleus. 

Sy, synergids; EC, egg cell; E, embryo; FNE, free nuclear endosperm; Su, 
suspensor, CE, chalazal endosperm. Bars in (A) to (E) = 20 ^.m; bar In 
(F) = 10 jxm. 



egg apparatus (Figure IB). At maturity, the female gametophyte 
shows GUS expression in the synergids, the egg cell, and the 
antipodals but not in the central cell (Figure 1C). This pattern of 
expression persists after fertilization (Figure ID); however, GUS 
is also expressed in the free nuclear endosperm after fertilization 
of the central cell (Figure 1 D). During early seed development, 
GUS is expressed in the embryo proper, the suspensor, and the 
chalazal endosperm (Figure IE). Interestingly, MET333 also 
shows GUS expression in cytoplasmic domains closely associ- 
ated with the vegetative nucleus of mature pollen grains and in 
poUen tubes (Figure IF) but not in microsporocytes at earlier 
stages of development. A detailed analysis of MET333 plants 
homozygous for kanamycin resistance did not reveal a mutant 
phenotype at any stage of plant reproductive development. 

DNA gel blot analysis using a DsE-specific probe that includes 
a portion of NPTil showed that two copies of the DsE element 
were present in MET333 heterozygotes but were absent from 
wild-type siblings in which GUS expression was not detected 
(data not shown). Genomic sequences flanking both DsE ele- 
ments were rescued using thermal asymmetric interlaced PGR 
(Liu et al.. 1 995). Sequence analysis of the PGR products showed 
that the DsE elements were inserted 254 and 995 bp upstream of 
the transcription initiation site oiAGP18 (At4g37450). Figure 2A 
illustrates the molecular structure 0IAGPI8 and the localization 
of both DsE insertion sites. AGP18 encodes a classical AGP 
containing a C-terminal domain responsible for anchoring the 
protein to GPI. In animals, GPI anchors have been shown to 
provide an alternative to transmembrane proteins for anchoring 
proteins to components of the cell surface (Takes et al., 1997, 
2000; Schultz et al.. 1 998; Svetek et al., 1 999; Bomer et al., 2002; 
Sharma et al., 2004). Additionally. AGP1 8 contains an N-terminal 
secretory signal predicted to direct the secretion of the protein 
via the endoplasmic reticulum, two Pro-rich domains that are 
possible targets of glycosylation (Tan et al., 2003), and a Lys-rich 
domain predicted to interact with negatively charged molecules 
(Figure 2B; Gilson et al., 2001 ; Schultz et al., 2002). The Lys-rich 
domain is present in only 3 of 15 classical AGPs found to be 
encoded in the genome of Arabidopsis (Schultz et al., 2002). RT- 
PCR analysis revealed that the levels of -AGP78 transcription in 
MET333 are similar to the wild type, confirming that AGP18 
expression is not diminished by the presence of the DsE 
insertions (Figure 2C). 

AGP18 Is Expressed In Adjacent Sporophytic 
and Gametophytic Cells 

To determine if the pattem of GUS expression identified in 
MET333 reflected the pattem of expression of AGP18, we 
determined the localization of AGP18 mRNA by in situ hybrid- 
ization. To avoid the detection of mRNA corresponding to other 
AGP transcripts structurally resembling AGP18, sense and 
antisense digoxygenin-labeled probes were generated using 
a specific portion of the first exon that shows no homology with 
other AGP genes. The results are summarized in Figure 3. 
Detailed analysis of all aerial parts of Arabidopsis demonstrated 
that AGP18 mRNA could be localized only in developing anthers 
and ovules and transiently in clusters of companion cells closely 
associated with vascular elements of the stem. AGP18 is initially 
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Figure 2. Genomic Structure and Protein Organization of AGP18. 

The enhancer detector line MET333 has two DsE elements inserted in the 5' regulatory region oiAGPIB. 

(A) Genomic structure of AGP16. The arrows show the direction of transcription of uidA (GUS), 

(B) Predicted protein structure of AGP18. aa, amino acids. 

(C) RT-PCR analysis shows that the levels of transcription oiAGPIS are identical in MET333 and wild-type plants. 



expressed In the MMC and the neighboring nucellar cells of the 
young ovule prinnordium (Figure 3A). AGP18 expression persists 
in all four products of fennale meiosis (Figure 3B). At the end of 
nnegasporogenesis, when the three nonfunctional megaspores 
have already degenerated, AGP18 nnRNA is abundant in the 
functional megaspore but also in the adjacent nucellar cells 
(Figure 3C). During female gametogenesis, AGP1Q is expressed 
in the developing female gametophyte (Figure 3D), At maturity, 
abundant AGP78 mRNA can be detected in the synergids (Figure 
3E), the egg cell, and the antipodals but not in the central cell. 
After fertilization, AGP18 mRNA is present in the developing 
embryo as well as in the free nuclear endosperm (Figures 3F to 
3H). Abundant levels oiAGP18 mRNA persist In the embryo until 
the late globular stage and subsequently start to decrease. No 
AGP18 mRNA can be detected in seeds containing torpedo or 
cotyledonary embryos. In the anther, AGP16 is expressed in the 
tapetum and the mature pollen grain (Figures 3K and 3L). These 
results indicate that GUS expression in MET333 overlaps with 
the localization of AGP18 mRNA, confirming that DsE elements 
partially detect the expression oi AGP18', however, the absence 
of GUS expression in MET333 sporophytic cells (the developing 
nucellus and the mature tapetum) suggests that additional 



regulatory elements driving the expression of AGP18 are not 
detected by either DsE element. 

Generation of /IGPfS-RNAi Plants and Analysis 
of RNA Levels 

To determine the role of AGP18 in Arabidopsis, a 740-bp 
fragment of the AGP1 8 oDNA was cloned into a pFGC5941 RNAi 
vector (Kerschen et al., 2004) in both sense and antisense 
orientations and used to transform wild-type Columbia plants. 
Figure 4A illustrates the RNAi construct that was used to conduct 
these experiments. pFGC5941 contains a 35S promoter of 
Cauliflower mosaic vi/vs (CaMV35S) that drives the transcription 
of a partial AGP18 sequence cloned in both sense and antisense 
orientations and separated by an intron of the chalcone synthase 
gene. After fonmation of hairpin RNA structures, the resulting 
double-stranded RNA transcripts can cause posttranscriptional 
silencing of endogenous gene activity (Waterhouse et al., 1998; 
Chuang and Meyerowitz, 2000; Smith et al., 2000). Although 
a detailed pattern of CaMV35S promoter activity during male and 
female gametogenesis has yet to be determined in Arabidopsis. 
we reasoned that AGP18 transcripts localized in sporophytic 
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Figure 3. Localization oiAGPId mRNA by in Situ Hybridization. 

(A) MMC stage. Bar = 9 M^m. 

(B) Female meiosis stage. Bar = 8 n-m. 

(C) Functional megaspore stage with young nucellus. Bar = 8.5 fjinrt. 

(D) Two-nucleate stage female gametophyte. Bar =14 p-m. 

(E) Mature female gametophyte. Bar = 8 (xm. 

(F) Zygote stage. Bar = 9^im. 

(G) Embryo four-cell stage. Bar = 15 ^.m. 

(H) Embryo at early globular stage. Bar =11 p.m. 

(I) Functional megaspore and young nucellus, sense probe. Bar = 15 fxm. 
(J) Embryo at early globular stage, sense probe. Bar — 20 M-m. 

(K) Mature pollen. Bar = 24 ^.m. 

(L) Anther showing the tapetum. Bar = 20 p-m. 

(M) Longitudinal section of a stem. Bar = 20 p-ni. 

(N) Longitudinal section of a stem, sense probe. Bar = 20 p,m. 

{O) Mature pollen, sense probe. Bar = 20 jxm. 

(A) to (H) and (K) to (M) hybridizations with antisense probe; (I), (J), (N), and (O) hybridizations with sense probe. NC, nucellar cells; FM, functional 
megaspore; DM, degenerating megaspores; Sy, synergids; DSy, degenerating synergid: FG. female gametophyte; Z. zygote; E, embryo; Su, 
suspensor; T, tapetum. 



cells can be the target of RNAi-dependent silencing driven by 
CaMV35S. After floral-dipping transformation, 75 prinnary 
transformants were generated, none of which showed visible 
defects during vegetative growrth, root developnnent, or floral 
organogenesis: however, 58 out of 75 adult T1 transformants 
showed semisterility defects. All 58 transformants maintained 
a reduced fertility phenotype in the T2 generation. To determine 
a possible relationship between a decrease in AGP18 transcript 
levels and the defective phenotype, RNA was extracted from 
developing gynoecia of S/\ST/\-resistant AGP18-BNA\ T2 lines 
and used for RNA gel blot analysis. The results are shown in 
Figure 4B, with actin as a constitutive control to show that equal 
amounts of RNA were used. Compared with wild-type plants, all 
10 T2 lines tested showed a substantial decrease in the tran- 
scripts levels of AGP1Q. Among those lines, T2-12, T2-44, and 
T2-58 showed significantly >50% reduction in seed set, whereas 



T2-63 and T2-53 had a 27.4 and 49.8% reduction, respectively. 
No correlation was found between the level ofAGPIS expression 
determined by RNA gel blot analysis and the degree of sterility; 
this absence of correlation has been documented in previous 
studies showing that abnormal phenotypes induced by RNAi are 
not always associated with a detectable decrease in transcript 
levels (Kerschen et al., 2004; C. Napoly and R. Jorgensen, 
personal communication). The induction of posttrancriptional 
gene silencing has been shown to result in the production of 21- 
to 23-bp RNA fragments with a sequence identical to a portion of 
the silenced gene (Elbashir et al., 2000). To determine if the 
production of 21- to 23-bp RNA fragments could be associated 
with the degradation of the AGP18 transcript, poiyacrylamide 
gels were used to detect the presence of small RNA frag- 
ments corresponding to AGP18. As shown in Figure 4C, small 
RNAs corresponding to AGP1B were detected in lines in which 
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Figure 4. Accumulation of AGP1 8 Transcript. Presence of 21 -bp Snnall RNAs, and Absence of ^GPt 8 Expression in the Gynoeciumof AGP78-RNAiT2 

Lines. 

(A) Schematic diagram of the vector used to posttrancriptionally silence AGP18. The arrow indicates the sequence cloned in the RNAi silencing vector. 
Numbers indicate nucleotide positions with respect to initiation of the^GP7d mRNA. 

(B) Expression analysis of four /\GP78-RNAi T2 lines and a wild-type control. RNA was isolated from mature gynoecia In both silenced and wild-type 
plants. A portion of the AGP18 cDNA was used as a probe. RNA gel blots were subsequently rehybridized with a specific actin probe i^CTII) as 
a loading control. 

(C) A polyacrylamide gel of 100 \iQ of low molecular weight RNA extracted from gynoecia of AGP78-RNAi T2 lines and wild-type plants was blotted and 
hybridized with a portion of the AGP18 cDNA. The blot was rehybridized with a probe specific to the constitutively expressed microRNA 39 (miR39) as 
a control, nt, nucleotides. 

(D) Localization of AGP18 mRNA in developing ovules at the functional megaspore stage. In situ hybridization with specific AGP18 digoxygenin-tabeled 
antisense probes was performed on gynoecia of both silenced (AGPTfl-RNAi T2-12: bar = 8.5 fxm) and wild-type plants (bar =10 M-m). FM, functional 
megaspore. 
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sufficient quantities of total RNA were available, including lines 
having strong fertility defects as T2-12 and T2-58 but not in wild- 
type plants. Finally, to deternnine If a decrease in transcript levels 
was associated with a decrease in AGP18 expression within the 
ovule or the anther, we performed in situ hybridization in selected 
lines showing the lowest levels of AGP18 transcript. As shown in 
Figure 4D, no AGP18 mRNA could be detected in the young 
ovule at the functional megaspore stage of ^GPtS-RNAi trans- 
formants, indicating that the normal expression o^AGP18 during 
female gametogenesis is severely impaired in AGP78-RNAi lines. 

Posttranscriptional Gene Silencing Is Specific to AGP18 

Plant transformation with RNAi vectors targeting a conserved 
gene family has been shown to often result in simultaneous 
posttranscriptional gene silencing of several family members. In 
ArabidopsiSt 16 genes are predicted to encode the protein 
backbones of classical AGPs (Schultz et al.. 2000), >AGP7 7 and 
AGP19 encode classical AGPs with 56 and 42% amino acid 
similarity to AGP18, respectively. All three proteins are the only 
Arabidopsis AGP members containing a Lys-rich domain. At the 
DNA level. /\GP7 7 and AGP19 share 55 and 52% homology with 
AGP18 in the 740-bp cDNA fragment that was used to generate 
the RNAi construct. To determine if the transcript levels of any of 
these two genes were also decreased in /\GP78-RNAi lines, total 
RNA extracted from developing gynoecia of three T2 AGP18- 
RNAi lines showing decreased levels of ^GP76 mRNA accumu- 
lation were used to perform RT-PGR analysis. As shown in Figure 
5, both>4GP7 7 and >\GP79 are expressed in the gynoecia of wild- 
type plants; however, none of the T2AGP78-RNAi lines analyzed 
showed a significant decrease in either AGP17 or AGP19 
expression. In lines T2-12 and T2-58, no amplification signal 
could be detected after blotting RT-PCR gels and hybridizing 
with the corresponding AGP18 probe, confirming that in these 
lines AGP16 expression is almost completely silenced. These 
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Figure 5. Posttranscriptional Gene Silencing Is Specific to AGP18, 

RNA extracted from developing gynoecia of selected /\GP78-RNAi T2 
lines {T2-12, T2-57, and T2-58) was used for cDNA synthesis. PGR 
amplification was performed with primers specific \oAGP17, AGP18, or 
/\GP79 {Schultz et al.. 2002) using as a template samples corresponding 
to the same cDNA synthesis. Agarose gels were blotted on nitrocellulose 
membranes and probed with a corresponding AGP probe. Wild-type 
cDNA and amplification of ACT 11 were used as positive controls. 



results demonstrate that in AGP18-BUA\ lines posttranscrip- 
tional gene silencing is specific to AGP18. 

Ovule Abortion in AGP18'Bt4A\ Lines Is Controlled at 
the Sporophytic and Gametophytic Levels 

As shown in Figure 6A, the slllques of AGPI8-BHA1 T2 lines 
contain a variable number of aborted ovules that do not show 
signs of early seed formation. This defect can also be observed in 
the form of empty spaces within siliques of self-fertilized flowers 
from yAGP78-RNAi plants. Gametophytic defects affecting the 
female gametophyte but not the male are expected to show 
a decrease in seed set of —50%. As shown in Figure 6B, T2 lines 
showed a wide range of frequencies of ovule abortion, with 
>20% showing a frequency significantly >50% and four lines 
showing >70% of aborted ovules. To determine the nature of the 
reproductive defect found in RNAi lines, we conducted recipro- 
cal crosses between lines showing >50% ovule abortion and 
wild-type plants. When T2 lines were used as female parents, the 
same percentage of ovule abortion was obtained for all lines 
tested (data not shown); however, in crosses where T2 lines were 
used as mate parents, full fertility was recovered, suggesting that 
the sterility defect is female specific. 

DNA gel blot analysis was used to determine that the number of 
RNAi T-DNA insertions present in the genome of T2 lines varied 
between 1 and 6 (data not shown). Because the T-DNA RNAi 
construct used is marked with a BASTA herbicide resistance 
marker, its segregation pattern can easily be followed in seed- 
lings. We characterized the segregation of BASTA resistance in 
a group of AGP7S-RNAt lines showing high levels of ovule 
abortion but different numbers of T-DNA insertions. A summary 
of these results are presented in Table 1. Interestingly, a single 
T-DNA RNAi insertion was present in the genome of T2-1 2, a line 
showing 74.9% of aborted ovules and the highest levels of 
AGP18 silencing in female reproductive organs. As shown 
in Table 1, T2-12 segregated B/ASM-resistant {BASTA') and 
S^ASrA-sensitive (BASTA^) seedlings in a distorted ratio of 1:1 
BASTA'-.BASTA^ (x^ = 2.41 < o.osiij ^ 3.84) as compared with 
3:1 expected for normally transmitted insertions. In addition, no 
homozygous individuals have been identified in the T4 progeny 
resulting from self-pollination of 20 heterozygous T3-12 plants, 
suggesting that the transgene is poorly or not transmitted 
through the gametophytic phase of the Arabidopsis life cycle. 
The frequency of aborted ovules and the distorted segregation 
ratio in T2-12 suggests that posttranscriptional silencing of 
AGP18 is affecting female reproductive development both at 
the sporophytic and gametophytic levels. In lines containing 
more than one T-DNA RNAi insertion, the number of BASTA'^ 
seedlings is significantly increased, suggesting that not all 
insertions are abnormally transmitted through the gametophytic 
phase and that the degree of semisterility found in AGP7S-RNAi 
lines is not directly proportional to the number of introduced 
T-DNA insertions. These results are in agreement with recent 
estimations of the efficiency of RNAi in transgenic plants 
(Kerschenetal.,2004). 

To determine if fertility defects were consistently inherited, 
we quantified the sterility phenotype during the first three 
consecutive generations of four selected lines. As shown in 
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Frequency of ovule abortion in AGP1d RNAi lines 



AGP18-RNA\ lines 

% aborted ovules Selected lines 

analyzed 



4 (5.33 %) 


More than 70% 


12, 58 


12 (16 %) 


40-69 % 


44, 57 


14 (18.6 %) 


11-39% 


63 


27 (36 %) 


6-11% 


53 


18 (24 %) 


Less than 5 % 


18 



Figure 6. Siliques of AGPW-HNAi Lines Show Aborted Ovules. 

(A) Micrographs of AGP18-RNAi and wild-type siliques. The asterisks indicate the aborted ovules observed in AGP18-RNAi lines. 

(B) An average of 250 ovules was scored for each AGP18-RUA\ line. A statistical analysis showed that lines having >5% ovule abortion were 
significantly different from the wild type (2.5% ovule abortion). 



Table 2, the percentage of aborted ovules is maintained in the T3 
generation; however, a snnall decrease in the frequency of ovule 
abortion was observed in all tines evaluated. Statistical analysis 
of variance showed that this decrease is not statistically signif- 
icant during the generations tested. 

Female Gametophyte Development Is Defective In 
AGP18'HHA\ Lines 

To determine the cellular nature of the defect, whole-mounted 
cleared anthers and ovules were analyzed during mate and 
female reproductive development. We initially determined the 
terminal phenotypes of all ^GP78-RNAi lines by examining 
mature organs at developmental stages in which male and 
female gametogenesis have normally resumed and fully differ- 
entiated cellularlzed gametophytes are already formed. All 58 
lines examined had a variable proportion of ovules showing 
a similar abnormal phenotype but no defects in pollen formation. 
Our observations are summarized in Figure 7. In the large 
majority of defective ovules, a single conspicuous cell with 
a centrally located nucleus was present in the nucellus. In all 
lines, the conspicuous cell did not show signs of degeneration, 
and the adjacent nucellar tissue was not reabsorbed; in rare 
cases, its nucleus was not observed. To determine the de- 
velopmental stage at which female gametophyte development 



first departs from the wild type, we analyzed female gameto- 
genesis at earlier developmental stages in ovules of line T2-12 
(showing 74.9% of ovule abortion). All ovules of T2-12 undergo 
normal and synchronized megasporogenesis. Shortly after the 
differentiation of the functional megaspore (Figures 7A and 7E), 
a minority of ovules divide mitotically and give rise to two nuclei 
located at opposite ends of an enlarged cell showing a central 
vacuole. This type of ovule does not show differences with wild- 
type development (Figure 7B). By contrast, within the same 
gynoecium, the nucellus of the majority of ovules contains 
a single cell that closely resembles the differentiated functional 
megaspore but that shows no signs of subsequent enlargement 
or vacuolization (Figure 7F). At later stages of development, 
whereas some ovules undergo two additional divisions and fomn 
a normal female gametophyte identical to the wild type (Figure 
7C), the majority contains a single cell that does not divide 
mitotically (Figures 7G and 7H). To determine If the frequency of 
aborted ovules scored in dissected siliques is similar to the 
frequency of ovules showing abnormal female gametophyte 
development, we quantified the number of ovules showing 
a single conspicuous cell in the nucellus of fully differentiated 
ovules. The results are shown In Table 3. For all lines examined, 
there is a close correlation between the two values, suggesting 
that defects in female gametophyte development are sufficient to 
explain the abnormal phenotype observed in>^GP78-RNAi lines. 
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Table 1. Number of T-DNA Insertions, Segregation Analysis, and Percentage of Ovule Abortion in Selected T2 AGP18-RNfid Lines 

Number of Percentage of 

Line Insertions BASTA' BASTA^ Ratio Viable Ovules Aborted Ovules Ovule Abortion 

T2- 1 2 1 1 27 1 53 1 .0:1 .2 62 1 85 74.90 

T2-57 2 143 53 2.6:1.0 100 125 55.55 

T2-58 2 186 15 12.4:1.0 67 167 71.36 

T2-44 5 182 46 3.9:1.0 125 99 49.01 



The Functional Megaspore Does Not fnitiate Female 
Gametogenesis \nAGP18-BNA\ Ovules 

To determine the identity of the cell that persists In the nucellus of 
defective ovules, we took advantage of additional enhancer 
detection and gene trap lines that show GUS expression in 
specific cells of the developing female gametophyte. Some of 
them represent ideal molecular markers to conduct crosses with 
AGP16'RNA\ lines showing a high proportion of defective ovules. 
Figure 8 illustrates the pattern of GUS expression obtained in 
ovules of F1 plants resulting from crosses of line AGP1 8-RUA\ 
T2- 1 2 with individuals homozygous either for the ET499 or for the 
ET2209 enhancer detection element. In ET499, GUS is only 
expressed in the functional megaspore and not in the three dying 
megaspores or at earlier stages of megasporogenests (Figures 
8A to 8C; J. -P. Vielle-Calzada and U. Grossniklaus, unpublished 
results). This observation was confirmed in 100 whole-mounted 
and cleared ovules of homozygous ET499 plants. Other en- 
hancer detection lines show GUS expression in the dying 
megaspores but not in the functional megaspore (Figure 8D), 
indicating that ET499 is an appropriate marker to characterize 
megaspores that have acquired a functional identity at the end 
of megasporogenesis. By constrast, ET2209 shows GUS ex- 
pression at the onset of the second haploid mitotic division of 
the uncellularized female gametophyte and subsequently in all 
haploid differentiated cells: the synergids, the egg cell, the 
central cell, and the antipodals (Figure 8G; Vielle-Calzada et al., 
2000). In defective AGP18-BNA\/-\- ET499/+ F1 ovules, GUS 
expression is restricted to the conspicuous cell that persists in 
the nucellus after meiosis (Figures 8E and 8F). suggesting that in 
AGP78-RNAi lines female gametophyte development is arrested 
after the differentiation of the functional megaspore. By contrast, 
defective >AGPtfi-RNAi/+ ET2209/+ F1 do not show GUS 
expression (Figure 8H), indicating that the arrested functional 
megaspore does not acquire the identity of a multinucleated 
female gametophyte or of any of the haploid gametophytic cells. 
These results indicate that defective ^GPtfl-RNAi ovules fail to 
undergo haploid mitosis after differentiation of the functional 
megaspore. 



Table 2. Inheritance of Ovule Abortion in AGP18-RNA\ Lines 

Line 

Generation 12 44 57 58 

Tl 74.9% (247) 44.19^(224) 55.50% (225) 71.36% (234) 

T2 73.2% (220) 45.2% (271) 54.90% (232) 74.00% (255) 

T3 67.5% (234) 39.0% (230) 46.15% (244) 70.80% (222) 



DISCUSSION 

Here, we report the successful use of RNAI-lnduced posttran- 
scriplional silencing to inactivate the AGP16 gene and show that 
it plays an essential role during the initiation of female gameto- 
genesis in Arabidopsis, AGP18 encodes a classical AGP shown 
to be expressed in cells that spatially and temporally defines the 
sporophytic to gametophytic transition, but also during early 
stages of embryogenesis. More than 77% of independent trans- 
genic Arabidopsis lines expressing the AGP18-RHA\ construct 
showed moderate to severe fertility defects reminiscent of semi- 
sterile gametophytic mutants in Arabidopsis. Although in other 
experiments RNAi-dependent silencing is not always associated 
with mRNA turnover (Kerschen et aL, 2004). all lines tested 
showed a decrease in AGP18 transcript accumulation during 
female reproductive development In the T2 generation. In at least 
three lines, AGP18 expression was almost completely sup- 
pressed. T2 lines with fertility defects showed ovules impaired 
in female gametogenesis but normal male gametophytic de- 
velopment and pollen formation. The use of molecular markers 
expressed at key stages of female gametogenesis determined 
that in defective ovules meiosis gives rise to a differentiated 
functional megaspore that is unable to give rise to a two-nucleate 
female gametophyte. 

In plants developing a female gametophyte of the Polygonum 
type, megasporogenesis ends with the initiation of the haploid 
phase of the life cycle during the mitotic division of the functional 
megaspore nucleus (Huang and Russell, 1992), Although little is 
known about cellular communication during early ovule devel- 
opment, the interaction between sporophytic and gametophytic 
tissues has been suggested to be essential for female gameto- 
genesis. For example, the isolation of the meiotic precursors and 
young tetrads by the accumulation of callosic walls has been 
interpreted as an Interfacial reaction leading to the necessary 
separation of the two generations and the consequent protection 
of the haploid phase in ferns, mosses, and flowering plants 
(Dickinson, 1994; Bell, 1995). In Arabidopsis, the deposition of 
callose in dying meiotic products separates these cells from the 
functional megaspore (Webb and Gunning, 1990); however, the 
frequent formation of plasmodesmata connecting the functional 
megaspore to its adjacent nucellar cells indicates that cell-to-cell 
communication at the sporophytic-gametophytic transition is 
important during female gametophyte development (Bajon et al., 
1999). In wild-type plants of Arabidopsis, several changes occur 
during the cytoplasmic maturation of the functional megaspore, 
including the polarized enlargement of the cell after the micropylar 
chalazal axis, the formation of a central vacuole, and the 
concomitant division of the nucleus (Webb and Gunning, 1990; 
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Figure 7. Female Gametophyte Development Is Defective in Ovules of /\GP?8-RNAi Lines. 

Wild-type and AGP18-RNN T2 gynoecia were fixed, cleared, whole mounted, and viewed under Nomarsky optics. 

(A) to (D) Development of wild-type ovules. 

(A) Functional megaspore in a developing ovule. 

(D) Female gametophyte at the two-nucleate stage. 

(C) Mature female gametophyte. 

(D) Young embryo at the two-celiular stage. 

(E) to (H) Development of AGP18-HHA\ T2-12 defective ovules. 

(E) Functional megaspore in the developing T2-12 ovule. 

(F) Arrested cell in defective T2-12 mature ovule (arrowhead); normal ovules In the same gynoecium are at the two-nucleate stage. 

(G) Arrested cell in defective T2-12 mature ovule (arrowhead); normal ovules in the same gynoecium contain a mature female gametophyte. 

(H) Arrested cell in T2-12 mature ovule; normal ovules in the same gynoecium contain seeds undergoing early stages of embryogenesis. 

(I) Schematic representation compares a mature wild-typo ovule to a mature AGP1d-RNA\ T2-12 defective ovule. 

FM. functional megaspore; DM, degenerating megaspore cells; EC, egg cell; AC» antipodal cells; FG, female gametophyte; PN, polar nuclei. 
Arrowheads indicate the presence of an arrested cell at the one-nucleate stage. Bars — 20 ^.m. 



Grossniklaus and Schneitz, 1998; Schneitz, 1999). No signs of 
cell enlargement or Initial vacuolization were detected in arrested 
functional nnegaspores of AGP18-RNAi plants. In combination 
with results from expression analysis of molecular markers 
acting at specific stages of development, these observations 
indicate that the function oi AGP18 is required after differentia- 
tion of the functional megaspore for the initiation of female 
gametogenesis. 

Several interpretations of the functional activity of AGP18 
during ovule development can be proposed based on the 
analysis of heterozygous AGP18'BNA\ lines containing a single 
T-DNA insertion. Although T2-1 2 shows a 1 :1 segregation ratio of 
BASTA' to BASTA^ seedlings expected for defective traits 
causing gametophytic lethality, it also shows >70% of arrested 
female gametophytes, indicating that the gametophytic activity 
of RNAi-mediated silencing oiAGP18 is not sufficient to explain 
the defective phenotype. As shown by in situ hybridization, 
AGP18 is expressed in the MMG and the adjacent nucellar cells; 
therefore, it is possible that, to ensure the initiation of female 
gametogenesis, the activity oiAGPIS is required in both sporo- 
phytic as well as gametophytic cells. Differences on the degree 
of penetrance of the RNAi effect at the diploid and haploid levels 
could explain the variable but incomplete stehlity shown by all 
AGP18-HNA\ lines. Recent studies suggest that the maximal 
reduction of target transcript levels is obtained in RNAi lines 



containing a single T-DNA insertion (Kerschen et a!., 2004). 
Although each target sequence is characterized by an inherent 
degree of susceptibility to RNAi-dependent silencing, a system- 
atic study to assess the efficiency of posttranscriptional gene 
silencing in the gametophytic phase has not been conducted. 
Therefore, it is currently not possible to assess the effectiveness 
of AGP18 silencing in the female gametophyte. A second 
possibility is that key RNA factors generated by RNAi-mediated 
AGP18 silencing are produced at the diploid level and meiotically 
transmitted to a variable number of functional megaspores not 
carrying a T-DNA RNAI insertion; alternatively, these factors 
could be transported from adjacent nucellar cells to the 
functional megaspore via plasmodesmata. Although the trans- 
port of mRNA or proteins has not been reported in female melotic 
products, detailed ultrastructural studies of megasporogenesis 
in Arabidopsis have shown that multiple plasmodesmata form 
between the functional megaspore and its adjacent nucellar cells 
(Bajonet al., 1999). Under this hypothesis, the function of >4GP78 
could be strictly gametophytic; however, the non-fully penetrant 
effect of RNAi-mediated silencing factors generated at the 
diploid level would be responsible for the abortion of female 
gametophytes at a frequency significantly higher than 50%. A 
third alternative includes the possibility that gametophytic le- 
thality in T2-12 results from differences in the degree of RNAi 
silencing mediated by the CaIVIV35S promoter. A potential lack 
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Table 3. Frequency of Ovules Showing an Arrested Cell Phenotype 


/\GP78'RNAi 


Viable 


Aborted 


Ovules with 


Line 


Ovules 


Ovules 


Arrested Cells 


T2-12 


138 (27.7%) 


185 (74.9%) 


359 (72.23%) 


T2-57 


196 (43.3%) 


125 (55.5%) 


257 (56.73%) 


Wild type 


443 (99.4%) 


6 (2.4%) 


3 (0.60%) 



of CalVlVSSS activity during microsporogenesis could partially 
explain the absence of pollen abnornnalities associated with the 
expression of AGP18 during anther development. To date, 
a detailed pattern of the CaMV35S promoter activity during male 
and female gametogenesis has yet to be reported in Arabidopsis. 
Although it is generally believed that this promoter is not active 
during the gametophytic phase (Bechtold et al., 2000), it is not 
clear at which developmental stage of the sporophytic to 
gametophytic transition its activity is no longer detected in either 
male or female gametes. Although this lack of quantitative 
information on the pattern of Car\/IV35S complicates the eluci- 
dation of the role played by AGP18 during the alternation of 



diploid and haploid phases, experiments showing that RNAI 
factors transmitted during meiosis can trigger posttranscrip- 
tiona! silencing in the female gametophyte support the hypoy- 
thesis that the CaMV35S promoter can be used to successfully 
target gametophytically expressed genes (our unpublished re- 
sults). The use of specific promoters to drive RNAi-mediated 
silencing exclusively in the gametophyte or in the nucellus should 
lead to the elucidation of the specific role of gametophytic and 
sporophytic yAGP 78 activity during the initiation of female game- 
togenesis. 

Classical AGPs play a role in mechanisms as distinct as cell 
division, cell expansion, or cell determination (Nothnagel, 1997; 
Schultzet al., 1998; van Hengel and Roberts, 2003). Monoclonal 
antibodies (MAbs) raised against AGP epitopes have been 
extensively used to investigate the cellular localization of AGPs 
(VandenBosch et al., 1989; Knox, 1992); however, these probes 
do not easily allow the elucidation of single AGP distribution 
patterns because they can recognize many different AGPs 
containing a conserved sugar epitope but different protein 
backbones. Elegant immunolocallzation studies have shown 
that the establishment of a reproductive lineage in certain 




Figure 8. The Functional Megaspore Does Not Initiate Female Gametogenesis iniAGP78-RNAi Ovules. 

Ovules of F1 plants resulting from crosses of line AGP78-RNAi T2-1 2 with individuals homozygous either for the ET499 or for ET2209 were either fixed 
and whole-mount cleared or processed for histochemical localization of GUS activity. Shown are patterns of GUS expression in ET499 ([A] to [C]), 
ET4127 (D), F1 plants resulting from the cross of AGP7 8-RNAi T2-12 and homozygous ET499 plants ([E] and [F]). ET2209 (G), and F1 plants resulting 
from the cross of AGP16-HNA\ T2-12 and homozygous ET2209 plants (H). 

(A) Ovules of ET4g9 at MMC not showing GUS expression. 

(B) Ovules of ET499 showing absence of expression in all three dying megaspores. 

(C) Functional megaspore showing GUS expression in ET499. 

(D) Ovule of ET4127 showing GUS expression in a dying megaspore, 

(E) Whole-mounted cleared ovule showing the phenotype observed in defective ET499,AGP16-RNAi T2-12 F1 ovules. 

(F) GUS expression in the arrested functional megaspore of 6e1eci\ye ET499]AGP16-RNAi T2-12 F1 ovules. The arrowhead shows the position of the 
arrested functional megaspore. 

(G) Pattern of GUS expression In the mature female gametophyte of ET2209. 

(H) Absence of GUS expression in defective ET2209AGP1 8-RNAt T2-12 F1 ovules. 

FM, functional megaspore; IT, inner integument; OT, outer integument; Nuc, nucellus; DM, dying megaspore; EC, egg cell; Sy, synergid cells; CC, 
central cell. The arrowheads indicate the arrested cells. Bars = 20 p-m. 
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Species was associated with changes in the distribution of AGP 
epitopes (Knox et al.. 1989; Fennel! et al., 1992). In Pisum 
sativum, the determination of reproductive cells in male and 
female gametes is associated with the loss of a cell surface 
arabinose-containing epitope recognized by the Mab MAC207 
(Pennell and Roberts, 1 990). Interestingly, a second AGP epitope 
recognized by MAb JIMS became detectable only during differ- 
entiation of anthers and ovules in Brassica napus (Pennell et al., 
1991). During ovule development, this epitope was initially 
detected in the wall of the two- to four-nucleate female game- 
tophyte, in nucellar cells adjacent to the developing female 
gametophyte, and later in the plasma membrane of all cells 
forming the egg apparatus, but not the central cell. The presence 
of this epitope was also detected in the tapetum, in developing 
pollen grains, and in the stem vasculature (Pennell et at., 1991). 
Our results show that AGP18 is expressed in reproductive 
tissues, particularly in cell types that are involved in establishing 
the sporophytic to gametophytic transitions. During female 
gametophyte development, AGP18 is initially expressed in the 
MMC, in ail four meiotically derived megaspores, the functional 
megaspore, and the adjacent nucellar cells. AGP18 expression 
persists in all female gametophyte cells except the central cell. 
During male gametophytic development, AGP16 is expressed in 
pollen grains and the cells of the tapetum. Developing seeds also 
express AGP18 during the first stages of embryogenesis; in- 
terestingly, abundant AGP18 mRNA is detected at early stages 
of endosperm development, indicating that transcription in the 
central cell occurs only after double fertilization. We only detec- 
ted additional AGP18 expression in restricted clusters of com- 
panion cells present in the vasculature of the stem. The pattern of 
AGP18 mRNA localization is almost identical to the pattern of 
localization of the epitope recognized by JIMS, strongly suggest- 
ing that an AGP encoded by a gene homologous to AGP18 is 
detected by JIMS in S. napus. The generation of AGPIS-RNAi 
lines opens new possibilities for immunolocalization analysis 
with JIMS and new antibodies raised against AGP18 to further 
elucidate the function and distribution of AGPs during reproduc- 
tive development. 

Our results indicate that AGP18 plays a crucial role during 
interactions between sporophytic and gametophytic cells in the 
young ovule and that these interactions are essential for the 
establishment of the female gametophytic phase in Arabidopsis. 
Although the nature of this communication has yet to be 
characterized at the genetic and molecular levels, the elucidation 
of the developmental function of a gene encoding a classical 
AGP creates new perspectives for the understanding of cell 
surface signaling and the molecular mechanisms that regulate 
sexual reproduction in flowering plants. 



METHODS 

Plant Material and Growth Conditions 

The transposant line MET333 {Ai'abidopsis thaliana Heynh. varLandsberg 
erecta) was identified in a collection of enhancer detector lines generated 
in our laboratory, using the system implemented by Sundaresan et al. 
(1995), looking for expression patterns during female gametophyte de- 



velopment. To select plants carrying the Ds transposon, 50 mg/L of 
kanamycin and 0.66 yug/mL of 1 -naphtalenacetamide were added to MS 
solid medium (Sigma, St. Louis, MO). Reslistant seedlings were trans- 
ferred to soil and grown in a greenhouse under long-day conditions. 

Generation of RNAi Lines 

A 740-bp fragment containing the first exon and a region of 5' un- 
translated region of AGP18 was amplified by RT-PCR using RNA 
extracted from wild-type developing gynoecia using the following primers 
containing restriction sites as indicated in boldface: 5'-AATCTA- 
GAGGCGCGCCACGGCTACATCTGTCTGT-3' (Xbal and Asc\; sense 
primer) and 5'-AAGGATCCATTTAAATAATGTACCTGATCGTCGG-3' 
(SamHI and Sival; antisense primer^. The PGR fragment generated with 
the sense/antisense primer combination was cloned in pGRll TOPO 
(Invitrogen, Carlsbad, OA) and subsequently digested with Swa\ and AscI 
restriction enzymes. The resulting DNA fragment was cloned using 
appropriate restriction sites in the silencing vector pFGC5941 (kindly 
donated by Carolyn Napoli and Rich Jorgensen, www.chromdb.org). The 
PGR fragment cloned in pCRII TOPO was digested with Xba\ and SamHI 
(to obtain the antisense fragment) and cloned in appropriate restriction 
sites of pFGC5941. The resulting pFG05941 vector contained AGP18 in 
both sense and antisense orientations separated by a chalcone synthase 
intron and under the control of the CaMV35S promoter. Four-week-old 
Arabidopsis plants (Golumbia-0) were transformed by floral dipping as 
previously described (Clough and Bent, 1998). Seeds from Agrobacte- 
rium fume fac/ens-tre ate d plants were selected and directly grown under 
greenhouse long-day conditions (16 h light). Resistant seedlings were 
selected by spraying the herbicide BASTA (50 mg/L; Finale; AgrRvo, 
Montvale, NJ) three times each week for 2 weeks. Presence of AGP18- 
RNAi insertions was confirmed by PGR amplification on DNA extracted 
from seedlings. Seeds from mature plants were collected and plated onto 
MS medium supplemented with glufosinate ammonium (10 jig/mL; 
Crescent Chemical, Augsburg, Germany). 

RNA Analysis 

For RNA gel blots, total RNA was extracted from developing gynoecia 
from selected AGPt 8-RNAi transformants and wild-type plants using 
Trizol (Invitrogen) and following the manufacturer's instructions. Fifty 
micrograms of RNA were separated in a 1 .3% agarose gel containing 1 7% 
formaldehyde and blotted onto hybond N-^ membranes. Blots were hy- 
bridized with random-primed (Amersham Biosciences, Buckinghamshire, 
UK) ^2p.|abeled 810-bp probe corresponding to the complete AGP18 
cDNA (At4g37450) and an ACT7 7 (At3g121 10) probe generated by PGR 
using the following primers: ACT11-S (5'-TTCAACACTCCTGCCATG-3') 
and ACT11-AS (5'-TGCAAGGTCCAAACGCAG-3'). The temperature of 
hybridization was 65*C In Church*s buffer. 

For small RNA analysis, total RNA from devetoping gynoecia was 
enriched for low molecular weight RNAs using Hamilton's homogeniza- 
tion solution (Hamilton and Baulcombe, 1999) as described in Mette et al. 
(2000). Low molecular weight RNA was normalized by spectropho- 
tometry to 100 M-g/lahQ. separated by electrophoresis through 15% 
polyacrylamide, 7 M urea, 0.5x Tris-borate EDTA gel, and transferred to 
Zeta-Probe GT membranes (Bio-Rad, Hercules, CA). After transfer, 
membranes were cross-linked with 200 mj of UV and baked at 80'*C for 
1 h. To detect small RNAs in AGP7S-RNAi lines, an AGP78 cDNA probe as 
described above was randomly labeled and hybridized at 62''C in 
Church's buffer. An oligonucleotide probe corresponding to the se- 
quence of miR39 (5'- GATATTGGCGCGGCTCAAGCA-3'; Llave et al., 
2002) was 5'-end labeled with [7 ^apjATP and hybridized as a loading 
control. For RT-PCR analysis, total RNA was isolated from developing 
gynoecia of wild-type and ^GP7S-RNAI lines using Trizol following the 
manufacturer's instructions. First-strand cDNA was synthesized using 
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2 M^g of total RNA and Superscript II reverse transcriptase (Invitrogen). For 
semiquantitative RT-PCR, 3 p,L of the first-strand cDNA reaction served 
as a template in a PGR reaction that used specific primers for ^GP78 
(At4g37450).>^GP7 7(At2g23130)./\GPr5(At1g6e725), and 4077 7. After 
estimating the amount of amplified ONA produced at different rounds of 
PGR cycles, we determined that 20 cycles ensured that the amplified 
product was proportional to the initial concentration of template present 
in the reaction. After electrophoresis on a 1 % agarose gel and blotting into 
hybond N' membranes, hybridization was performed with ^sp cDNA 
probes specific to each AGP gene tested and labeled with the random 
primer method (Amersham Biosciences). Hybridization was performed at 
62*G as described {Maniatis et al., 1 989). AGP1 7 primers were as follows: 
sense {5'-GGTnTAAGGGCGGGTGGTGG-3') and antisense (5'-GTG- 
AATAGAAAATGTGAGCTG-3'). AGP19 primers were as follows: sense 
(5'-AAGTTGCACCAGTAATGAGGC-3') and antisense (5'-TCCTTTAAG- 
CTGATTTAAGGC-3 '). AGP1Q primers were as follows: sense 
(5'-CACGGTTGGTTAAACTCC-3') and antisense (5'- 1 II II ICATCAGT- 
GAGAG-3'). 

Whole-Mount Preparations and Histological Analysis 

Wild-type and /\GP78-RNAi siliques were dissected longitudinally with 
hypodermic needles (1-mL insulin syringes) and fixed with FAA buffer 
(50% ethanol, 5% acetic acid, and 10% formaldehyde), dehydrated 
in increasing ethanol concentration, cleared in Herr's solution (phenol: 
chloral hydrate:85% lactic,acid:xylene:oil of clove [1:1:1:0.5:1]), and ob- 
served on a Leica microscope (Wetzlar, Germany) under Nomarski optics. 
GUS staining assays for stages before fertilization were conducted as 
described by Vielle-Calzada et al. (2000). For developmental stages after 
fertilization, we used the protocol described by Kohler et al. (2003) with 
slight modifications. Longitudinally dissected siliques were fixed for 2 h 
at -20°G in 90% acetone and subsequently immersed in GUS staining 
buffer (10 mM EDTA, 0.1% Triton, 0.5 mYA Fe^+CN. 0.5 mM Fe^+CN. 
100 M-g m~^ chloranphenicol, and 1 mg mL-^ 5-bromo-4-chloro-3- 
indolyl-fi-D-galactoside in 50 mM sodium phosphate buffer^ pH 7.0) for 
1 lo 3 d at 37''C. The tissue was cleared in Hoyer's solution and observed 
under Nomarski optics. 

In Situ Hybridization 

Developing flower buds, developing flowers, isolated gynoecia, and 
siHques of wild-type and /AGP78-RNAi T2-12 plants were fixed in 4% 
paraformaldehyde and embedded in Paraplast (Fisher Scientific, Fair 
Lawn, NJ). Sections of 12-M,m thickness were cut using a Leica micro- 
tome and mounted on ProbeOnPlus slides (Fischer Biotech, Pittsburgh. 
PA). A fragment of 180 bp that included a portion of the first exon of 
AGP1Q was amplified using sense (S'-CGACGATGAGGTAGATTAG-S') 
and the antisense (5'-GATCACTGACAGATATGAA-3') primers and sub- 
sequently cloned in the pGRII TOPO vector (Invitrogen). The resulting 
construct was digested with Not\ and BamHI to synthesize sense and 
antisense digoxygenin-labeled probes, respectively, and hybridization 
was conducted as described by Vielle-Gatzada et al. (1999). 

Sequence data from this article have been deposited with the 
EMBL/GenBank data libraries under accession number NM1 19909 
(At4g37450). 
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Summarv 

Constitutive expression of an intron-containing self-complementary 'hairpin' RNA (ihpRIMA) has recently 
been shown to efficiently silence target genes in transgenic plants. However, this technique cannot be 
applied to genes whose silencing may block plant regeneration or result in embryo lethality. To obviate 
these potential problems, we have used a chemical-inducible Cre/ loxP {CLX] recombination system to 
trigger the expression of an intron-containing inverted-repeat RNA (RNAi) in plants. A detailed character- 
ization of the inducible RNAi system in transgenic Arabidopsis tbaliana and Nicotiana benthamiana plants 
demonstrated that this system Is stringently controlled. Moreover, it can be used to induce silencing of 
both transgenes and endogenous genes at different developmental stages and at high efficiency and with- 
out any detectable secondary affects. In addition to inducing complete silencing, the RNAi can be produced 
at various times after germination to initiate and obtain different degrees of gene silencing. Upon induction, 
transgenic plants with genetic chimera were obtained as demonstrated by PGR analysis. Such chimeric 
plants may provide a useful system to study signaling mechanisms of gene silencing in Arabidopsis as well 
as other cases of long-distance signaling without grafting. The merits of using the inducible CLX system for 
RNAi expression are discussed. 

Keywords: inducible, constitutive, RNAi, dsRNA, DNA excision, Cre/loxP. 



Introduction 

RNA-mediated gene silencing is a conserved mechanism 
that recognizes double-stranded RNA (dsRNA) as a signal 
to trigger sequence-specific degradation of homologous 
mRNA, dsRNA has been used as a powerful tool for the 
investigation of RNA silencing in a variety of organisms, 
such as RNA interference (RNAi) in Caenorhabditis elegans 
(Fire ef a/., 1998) and mammalian cells (Paddison et aL, 
2002; Sui eta/., 2002) and post-transcriptional gene silen- 
cing (PTGS) in plants <Chuang and Meyerowitz, 2000; 
Waterhouse et aL, 1998). In plants and C. elegans, RNA 
silencing involves two steps: (i) a local induced silencing, 
including an initial processing of the triggering dsRNA into 
short interfering RNA (siRNA) of 21-25 nt (Elbashir ef aL, 
2001; Hamilton and Baulcombe, 1999) and (ii) a systemic 
spread of the silencing signal throughout the entire organ- 
ism (Voinnet eta/., 2000; Winston et aL, 2002). The pre- 
sence of a spltceable intron in the transgene encoding the 
dsRNA appears to enhance the silencing efficiency (Smith 
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ef aL, 2000; Wesley et aL, 2001). Constitutive expression of 
intron-containing self-complementary 'hairpin' RNA 
(ihpRNA) constructs can induce PTGS with almost 100% 
efficiency when directed against viruses or endogenous 
genes (Smith ef a/., 2000). 

The completion of the sequencing of the Arabidopsis 
genome has uncovered a large number of genes with 
unknown functions. Potentially, the dsRNA-mediated gene 
silencing technique can be used to investigate the functions 
of these genes. The most effective silencing, brought about 
by intron-containing dsRNA, would produce phenotypes 
resembling those of the null alleles of the target genes. If 
the target gene is required for basic cell function or devel- 
opment, constitutive dsRNA-mediated silencing of the gene 
may produce detrimental effects or even cause plant leth- 
ality resulting in no recovery of transgenic plants for inves- 
tigation. This problem can be circumvented somewhat 
by inducing gene silencing, using either Agrobacterium 
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Figure 1. Schematic diagrams of the inducible and constitutive RtSlAi constructs. 

(a) A schematic diagram of an intron-containing intermediate vector pSK-int with multiple restriction sites on both arms of the intron. DNA fragments encoding 
sense and antisense RNA {approximately 350 nt of 3' GFPorapproximatelY400nt of 5' PDS, respectively) were cloned intopSK-int at 5' and 3' arms of the intron 
in appropriate restriction sites indicated by dotted lines, resulting in pSK-GFPi and pSK*PDSi. 

(b) A schematic diagram showing structural features of the inducible pX7-RNAl construct and Cre/ZoxP-mediated DNA recombination (see 2uo et al., 2001 for 
details). XV£, a chimeric transact! vator containing the regulator domain of an estrogen receptor (Zuo et ai. 2000); HYG, a hygromycin-resistance marker; Cre, the 
bacteriophage Pi Cre recombinase with an intron (Zuo et al., 2001); loxP, specific recognition sites of Cre; OlexA-46, eight copies of the LexA DNA binding site 
fused to the -46 CaMV 35S promoter; GlO-90, a strong, synthetic, constitutive promoter; int, actin 11 intron (ATU27981, nt 1957-2111); RNAi, DNA sequences 
encoding ihe intron-containing inverted-repeat RNAs; GlO-90-/?/VA/, the reconstituted transcription unit derived from Cre//o;cP-mediated DNA recombination 
after inducer treatment. Arrows inside transcription units indicate the direction of transcription. P1-4 denote primers used for PGR analysts shown in Figure 5(c|. 

(c) A fragment of PDS-int-PDS was cloned between the 35S promoter and the terminator in the binary plasmid pCAMBlA 1300 (AF234296) to give 35S-PDS/, a 
constitutive RNAi construct. 



infiltration (Voinnet and Baulcombe, 1997) or virus-derived 
vectors (Dalmay et al., 2000; Peele ef a/., 2001; Ratcliff ef a/., 
2001; Turnage eta/., 2002). However, these two methods 
have limited application in functional genomics because of 
their transient nature, and their silencing effects are not 
heritable. 

In this paper, we describe the development of an indu- 
cible gene silencing system using intron-containing, 
inverted-repeat RIMA (referred to as inducible RNAi). The 
chemical-inducible system we use here is the CLX system, 
an XVE-based (XVE for LexA-VP16-ER) (Zuo et aL, 2000), 
site-specific DNA recombination mediated by Cre/loxP{Zvo 
et al., 2001). The Cre expression is placed underthe control 
of the chimeric transcription factor XVE, whose activity is 
strictly regulated by estrogens. Upon induction by 17p- 
estradiol, Cre//oxP-mediated recombination leads to activa- 
tion of the RNAi transcription cassette by bringing it imme- 
diately downstream of the constitutive G 10-90 promoter 
(Zuo et aL, 2001; Figure 1). Compared to other inducible 
systems, the most significant feature of the CLX system 
is that it is strigently controlled, and upon induction, it 



produces DNA recombination with high efficiency (for a 
review, see Hare and Chua, 2002; Ow, 2001). 

Here, we show that the inducible RNAi system can be 
used to silence, with high efficiency, the expression of a 
GFP transgene and an endogenous phytoene desaturase 
(PDS) gene in Nicotiana benthamiana as well as in Arabi- 
dopsjs thaliana. Upon induction at seed germination or 
post-germination stages, the efficiency and effectiveness 
of PDS silencing are comparable to those obtained with a 
35S-RNAi construct. A stable and reproducible inducible 
RNAi phenotype was obtained in subsequent transgenic 
generations. The merits of the inducible RNAi system for 
silencing of endogenous genes are discussed. 

Results 

Silencing of a GFP transgene 

To evaluate the function of the inducible RNAi system, 
the construct pX7-GFPi (Figure lb) was introduced into a 
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transgenic /V. benthamiana line carrying a 35S-GFP trans- 
gene (GFP-16C) (Ruiz et al., 1998) by Agrobacterium- 
mediated transformation. Ti seeds from 12 transgenic lines 
(GFP-16c/pX7-GFP/; named as 16c-GFPi) were germinated 
on the inductive medium (MS + 2 17p-estradiol) con- 
taining hygromycin (hyg). After 2 weeks, eight lines 
showed uniform red fluorescence under UV light, which 
was caused by chlorophyll autofluorescence in the absence 
of GFP accumulation. Some red seedlings stopped growing 
upon continued incubation on the selective medium, pre- 
sumably because of the complete Cre//oxP-mediated exci- 
sion of the hygromycin-resistance gene upon induction. 
The remaining four lines initially displayed a mixture of red/ 
green fluorescence after 2 weeks of treatment with the 
inducer, but propagation of the red color to the entire plant 
was observed in these lines 2 weeks after they were trans- 
ferred from the inductive medium to the soil (Figure 2a, 
left). No difference was observed between 16c-GFPi seed- 
lings germinated on the selective medium in the absence of 
the inducer (MS -}- hygromycin) and GFP-16c control 
plants, as judged by the degree of green fluorescence 
(Figure 2b, right). 

Northern blots were analyzed with total RNAfrom treated 
red fluorescent 16c-GFPi seedlings, untreated green fluor- 
escent 16c-GFPi seedlings and GFP-16c control seedlings. 
GFP mRNA was almost undetectable in red 16c-GFPi seed- 
lings (Figure 2b, upper panel, +), as compared with GFP- 
16c control (0) or untreated 16c-GFPi seedlings (-). GFP- 
related siRNA, which is a key component of RNA silencing, 
was detected in red seedlings using a radiolabeled GFP- 
specific probe {Figure 2b, lower panel, +), whereas no GFP- 
related siRNA could be detected in GFP-16c control or un- 
treated 16c-GFPi green seedlings(Oand-). Both fluorescence 
and RNA analyses indicated silencing of the GFPtransgene in 
16c-GFPi plants upon treatment with 17p-estradiol. 

A transgenic line of A. thaliana (ecotype C24), which 
showed constitutive expression of a 35S-GFP transgene 
(Dalmay et al., 2000) was transformed with the pXl-CFPi 
construct to test the inducible RNAi system. Twenty-nine Ti 
independent lines (named as At-GFPi) were obtained by 
floral dip transformation. Upon germination on the induc- 
tive medium, all 29 At-GFPi lines displayed red fluores- 
cence, indicating silencing of the GFP transgene. By 
contrast, all seedlings germinated on the medium without 
the inducer showed uniform green fluorescence, indicating 
GFP expression (data not shown). Northern blots were 
analyzed with total RNA (Figure 2c, upper panel) and 
GFP-related siRNA (Figure 2c, lower panel) from treated, 
red fluorescent At-GFPi seedlings (Figure 2c, +) and 
untreated, green fluorescent At-GFPi seedlings (Figure 2c, 
-). Similar results were obtained as with the N, benthami- 
ana 16c-GFPi plants, providing molecular evidence for 
silencing of the GFP transgene in At-GFPi plants upon 
17p-estradiol treatment. 



We used 15 At-GFPi lines for further investigation of 17P- 
estradiol-induced silencing at post-germination stage. 
Two-week-old Ti seedlings germinated on the selective 
medium in the absence of the inducer were transferred 
to fresh MS medium. All seedlings at this stage continued 
to display green fluorescence. However, when seedlings 
were transferred to the inductive medium, 10 lines dis- 
played strong inducible GFP silencing as indicated by their 
uniform red fluorescence after 1-week induction {data not 
shown). The remaining five lines showed varying initiation 
of GFP silencing after 1-week induction. Further incubation 
with the inducer up to 2 weeks resulted in complete GFP 
silencing as reflected by the uniform red fluorescence in all 
these plants. 

Efficient inducible silencing of an endogenous PDS gene 
in Arabidopsis thaliana 

We chose the phytoene desaturase [PDS) gene of A, thali- 
ana and N. benthamiana to test the ability of the inducible 
RNAi system to silence endogenous genes. The PDS gene 
was selected because loss of the phytoene desaturase 
enzyme blocks carotenoid synthesis culminating in a 
photobleaching phenotype because of photo-oxidation of 
chlorophylls (Ruiz et aL, 1998). This visible phenotype 
facilitated visual monitoring of the induction process of 
PDS silencing. The constructs pX7-PDSi{At} and pX7- 
PDSilNb) (Figure lb) were transformed into A. thaliana 
(ecotype Columbia) and N. benthamiana, respectively. In 
addition, pCAMBIA-POS/Y>AtJ (Figure 1c) containing a 35S- 
PDSi{At) was also transformed into A. thaliana (ecotype 
Columbia). 

We tested 35 lines of putative transgenic A. thaliana 
carrying the 35S-P£)S/Y>4fMransgene by virtue of their ability 
to grow on the selective medium. Thirty-two lines {358- 
PDSi{At)) displayed the photobleaching phenotype. Most 
lines appeared near-white and stopped growing (data not 
shown) after 4-6 weeks on the culture medium. Only two 
lines that displayed varying green patches in their bleached 
leaves survived. Seedlings of these two lines exhibited 
abnormal development and poor fertility, and produced 
only a small amount of seeds. 

Eighty-one independent A. thaliana transgenic lines 
transformed with pX7-PDSi{At) were obtained. In the 
absence of the inducer, all transgenic Ti lines (At-PDSi) 
displayed normal development and fertility. T2 seeds from 
12 independent T^ lines were germinated on the selective 
medium in the absence or presence of the inducer. All T2 
seedlings grew with normal phenotype on the medium in 
the absence of the inducer {Figure 3a). However, in the 
presence of the inducer, seedlings of all the 12 T2 At-PDSi 
lines showed uniform photobleaching phenotype in the 
cotyledons at 6-9 days post-induction (Figure 3b,c). Simi- 
lar to the 35S-PDSi(At) lines, most of these seedlings 
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Figure 2, 173-estradiol-inducible GFP silencing in Nicotiana bentham'iana 
transgenic line 16c-GFPi and Arabidopsis thaliana line At-GFPi, 
(a) 16c-GFPr plants were first germinated on an inductive (left) or selective 
(right) medium for 2 weeks, before being transferred to soil, and photo- 
graphed under UV light at 2 weeks after transfer. Left, an Induced 16c-GFPr 
plant exhibited uniform red fluoroscenco In the whole plant. Note that in this 
plant initiation of GFP silencing was indicated by a mixture of red/green 
fluorescence. Right, an untreated 16c-GFPi plant showing green fluores- 
cence. Scale bar ^ 0.5 cm. 

lb, cl Northern blot analysis of induced silencing in 16c-GFPi plants lb) and 
At-GFPi plants (c). Total high (top and middle panels} and low (lower panel} 
molecular weight RNAs were extracted from 2-week-old red fluorescent 
seedlings after 17(^estradiol induction (+), untreated green fluorescent 
seedlings (-), and GFP-16c control plants (0). Equal RNA loading (5 \ig 
per leaf} was monitored by methylene blue staining of the 28S RNA (middle 
panel), and the blot was probed with a GfP-specific sequence (top panels). 
Bottom panels show the blot for siRNA, which was hybridized with a "P- 
labeled transcript corresponding to the 3'-terminal region (350 nt) of GFP. 
Each lane contained 50 Mg RNA, Arrow indicates the position of a 25'base 
DNA oligonucleotide. 



Stopped growing within 4-6 weeks (Figure 3d). Northern 
analysis showed that endogenous PDS mRNA levels were 
significantly reduced in bleached leaves of treated At-PDSi 
lines (Figure 3f, upper panel, +), but readily detected in 
untreated lines (Figure 3f, upper panel, -) and WT control 
seedlings (Figure 3f, upper panel, 0), indicating that the 
photobleaching phenotype resulted from silencing of the 
endogenous PDS gene. PDS-related siRNA was detected 
in treated, bleached At-PSDi seedlings (Figure 3f, lower 




Rgure 3. Inducible PDS silencing In transgenic Arab/dopsis r/ia//ana plants 
(At-PDSi) at seed germination stage. 

(a-d) At-PDSi seeds of line 2 were germinated on selective media in the 
absence (a) or presence of an inducer (b, c, d). 

(b) Seedltngs with induced PDS silencing showed a unlfornn photobleaching 
phenotype in the cotyledons at 6 days. 

(c.d) PDS silencing was seen in the first pair of true leaves as well as the 
leaves that developed later (c, 9 days, d, 28 days). Scale bars = 0.5 cm in (a, 
b, d) and 0.1 cm In (c). 

(e) Seeds of At-PDSi line 1 (a single transgenic locus) were germinated on 
MS in the presence of 17p-estradiol without the selective antibiotic hygro- 
mycin. Fifteen out of 19 plants showed induced PDS silencing. The photo- 
graph was taken at 29 days post-induction. Scale bar = 0.5 cm. 

(f) Northern analysis of inducible PDSsilencing In At-PDSI plants. Total high 
(top and middle panels) and low (lower panel) molecular weight RNAs were 
extracted from WT Columbia seedlings (0), uninduced At-PDSi control 
seedlings (-), and a mixture of induced At-PDSi seedlings, which showed 
a photobleaching phenotype (+). The blot (top panel) was probed with a 
POS-specific sequence corresponding to the 3' region for detection of the 
endogenous PDS mRNA. Each lane contained 5 RNA, and 288 RNA 
visualized by methylene blue staining was used as a loading control. Bottom 
panel shows the blot for siRNA, which was hybridized with a ^^P-labeled 
transcript corresponding to the 5'-terminal region (400 nt) of PDS. Each lane 
contained 50 pg RNA. The arrow indicates the position of a 25-base DNA 
oligonucleotide. 



panel, +) using a PDS-specific probe, whereas no PDS- 
related siRNA could be detected in either WT control seed- 
lings (Figure 3f, lower panel, 0) or untreated At-PDSi seed- 
lings (Figure 3f, lower panel, -). 
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To rule out any toxic or non-specific secondary physio- 
logic effects because of 17(3-estradiol-induced PDS silen- 
cing, T2 seeds of At-PDSi line 1, wtiich showed a 3 : 1 
segregation ratio for Hyg^:Hyg^, were gernninated on an 
inducer-containing medium without hygromycin,the selec- 
tive antibiotic. After 3 weeks of incubation, 15 out of 19 T2 
seedlings showed the photobleaching phenotype and 
ceased to grow (Figure 3e), whereas the remaining four 
seedlings were normal. These four seedlings were sensitive 
to hygromycin as they ceased to grow after being trans- 
ferred to a hygromycin-containing medium. The approxi- 
mately 3 : 1 segregation pattern of both the selection 
marker and the photobleaching phenotype suggested that 
the four hygromycin-sensitive plants were WT, in agree- 
ment with the Mendelian segregation ratio for a single 
transgenic locus. These four plants showed no response 
to 17p-estradiol and did not exhibit any morphological 
alteration, indicating that the inducer had no secondary 
non-specific physiological effect on WT plants. Our results 
suggest that the inducible RNAi system is able to silence the 
endogenous PDS of Arabidopsis at the seed germination 
stage with comparable efficiency and effectiveness as the 
constitutive 35S-PDS/ transgene. 

We also examined post-germination induction of PDS 
silencing. Two- or four-week-old T2 At-PDSi seedlings on 
the culture medium in the absence of the inducer were 
transferred to the inductive medium, and similar results 
were obtained from the seedlings of both age groups. We 



observed two photobleaching phenotypes. In the first 
group which includes At-PDSi lines 2, 5, 7, and 8, a strong 
PDS silencing was seen, 1 week after induction, with newly 
emerged leaves showing uniform bleaching surrounding 
the central area of the leaves. The bleaching was subse- 
quently propagated to the entire leaf. Figure 4{a-d) shows 
results from one representative line 2. Most of these plants 
with a strong photobleaching phenotype stopped growing. 
The second group includes At-PDSi lines 1, 3, 4, 6, and 9-12, 
and these lines showed varying photobleaching pheno- 
types. After 2 weeks of induction, photobleaching was 
limited to the areas near the veins {Figure 4e, a plant of 
line 12) or to the white/green patchy regions in the entire 
leaf (Figure 4f, a plant of line 1); however, the leaves 
became near-white over the next 2 weeks (Figure 4g,h, a 
plant of line 1). Although the PDS silencing extended to 
most rosette leaves and some cauline leaves (Figure 4h), 
these plants with varying degree of PDSsilencing could still 
develop normally and were fertile after transfer to the soil. 

We collected seeds from six T2 plants of At-PDSi line 1 
with induced silencing. When germinated on the selective 
medium (MS + Hyg), none of the T3 progeny showed PDS 
silencing. When the seeds were germinated on MS medium 
with neither the selective antibiotic nor the inducer, four T2 
lines showed no PDS silencing. On the other hand, more 
than 10% of the progeny seedlings of the other two T2 lines 
showed a constitutive photobleaching phenotype. The con- 
stitutive bleached plants presumably derived from some 






Figure 4. Post-germination induction of FOB silencing in At-PDSi Arabidopsis thatiana transgenic plants. 

(a~d) Strong induction of P05 silencing was seen in 2-week-old seedlings of line 2 after transfer to the inductive medium for 6 days {a, b) or 10 days (c). Note that 
(b) and (c) are from the same plant. Four-week-old seedlings of line 2 were transferred to the inductive medium and the picture was taken at 2 weeks post- 
induction (d). 

(e-h} Delayed onset of POSsilencing. Four-week-old seedlings from different At-PDSi transgenic lines 12 <e) and 1 (f-h) were transferred to the inductive medium. 
Photobleaching was limited to the perivascular regions (e) or white/green patchy regions (f). The plants were photographed at 2 weeks after induction. 
Photobleaching progressed with time in the old leaves and extended to new rosette and cauline leaves when plants were photographed at 3 weeks (g) or 4 weeks 
(h) after induction. Alt scale bars represent 0.5 cm. 
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converted germ line cells in the L2 layers of T2 plants that 
have undergone 17p-estradiol-induced Cre/loxP DNA re- 
connbination {Zuo et al., 2001), and therefore expressed 
G10-90-PDS/ constitutively (Figure lb). 

Molecular analyses of inducible PDS silencing in 
At-PDSi plants 

The delayed onset of PDS silencing in the second group 
pronnpted usto analyze the relationship between the photo- 
bleaching phenotype, endogenous PDS nnRNA levels, and 
dsRNA induction upon 17p-estradiol-induced Cre//oxPDNA 
excision. T2 progenies of At-PDSi line 1 were analyzed in 
detail. First, dsRNA corresponding to the PDSi transcript 
region (Figure 1) was analyzed. Two-week-old seedlings of 
line 1-1 (heterozygous) and line 1-2 (honnozygous) were 
transferred to the inductive nnedium. RNA was extracted 
from a portion of the seedlings at 42 h post-induction. Total 
RNA was digested with Rnasel^'^ (Promega, USA), and 
dsRNA was analyzed by hybridization with a PDS 5' -term- 
inal probe containing sequences corresponding to the PDSi 
region (Figure 1). Figure 5(b) shows that signals of the 
expected size were detected in the treated seedlings of 
both lines 1-1 and 1-2 (lanes 2 and 3), but not in the 
untreated seedlings of line 1-1 (lane 1), 



(a) (b) 




(e) (f) 





Figure 6. Inducible PDS silencing with uniform photobteaching phenotype 
in one Nicotiana benthamiana transgenic (Nb-PDSi) line, 
(a) Seeds were germinated on the selective medium in the presence of the 
inducer (MS + Hyg + 17p-estradioll, and seedlings were photographed at 
2 weeks post-germination. 

(b| Two-week-cid seedlings were transferred to the inductive medium 
without hygromycin, and seedlings were photographed at 2 weeks post- 
induction. The green plant is presumably a WT plant that exhibited no 
secondary effect upon 17(}-estradiol treatment. Scale bar = 0.5 cm. 



Figure 5. Molecular characterization of delayed onset of PDS silencing in 
A. thaliana transgenic plants. 

{a) Two-week-old seedlings of At-PDSi line 1-1 were transferred to the 
inductive medium, and the plant was photographed at 1 8 days post-induc- 
tion. Scale bar represents 0.5 cm. Leaves with increasing degrees of photo- 
bleaching were labeled with numbers 1-4, and those with a similar 
phenotype were labeled with the same number. Leaves designated 1 were 
formed before seedlings were transferred to the inductive medium. 
ib) Seedlings of At-PDSi line 1-1 and 1-2 were either untreated (-) or treated 
(-*-) for 42 h with 17^estradiot, RNA was analyzed for the presence of pre- 
silencing dsRNA. Lane 1, line 1-1, untreated, 100 pg RNA; lane 2, treated line 
1-1, 50 M9 RNA; lane 3, treated lane 1-2. 100 \ig RNA. RNAs were digested 
with Rnasel™ before being loaded onto formaldehyde-containing gels. The 
filter was hybridized with a POS-specific 5' sequence corresponding to the 
PDSi region (Figure 1a). Molecular weight standards are shown on the left. 
(c| PCR analysis of genomic DNA prepared from WT Columbia Uane II, 
untreated line 1-1 (lane 21, 18-day 17p-estradiol-treated line 1-1 (lanes 3-61 or 
line 1-2 (lanes 7-10). Leaves with similar phenotype (panel a) were pooled 
from several plants, and the group numbers indicated on top of the blot. 
Primers Pl-4 were used as illustrated in Figure Kb). The expected PCR 
products from different combinations of primer pairs were indicated on the 
right, M, DNA molecular markers. 

(d) Northern analysis of endogenous PDS mRNA levels. RNAs were 
extracted from the same samples as for DNA preparation (panel c), and 
the corresponding group numbers are indicated on the top. Each lane 
contained 5 pg RNA. 

(e) Showing one plant of At-PDSi line 1-1 treated with 17p-estradiol for 
18 days as described in (a) one week after been transferred to high light 
intensity. Note that the silenced leaves including the old ones (one indicated 
by arrow) became strongly bleached. Compare this plant to those shown in 
Figure 4(g,h). Scale bar = 0.5 cm. 

(f) Molecular analysis of inducer-treated transgenic plants 1 week after 
inducer withdrawal and transfer to the soil. Some seedlings of At-PDSi line 
1-1 treated with 17^estradiot for 18 days as described in (a) were transferred 
to the soil. After 1 week, leaves belonging to group 4 as well as two younger 
leaves that displayed photobleaching phenotype were pooled for PCR (left 
panel) and Northern blot analysis (right panel). Untreated line 1-1 was used 
as controls (-). For right panel, each leaf contained 5 RNA. 
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For the remaining seedlings on the inductive medium, 
new leaves that emerged after 1-week induction also 
became patchy in appearance, and photobleaching pro- 
gressed with time in both the heterozygous Jz line 1-1 
and the homozygous T2 line 1-2, similar to that in the 
parental Ti line 1. To facilitate further analysis, leaves with 
varying degrees of photobleaching were numbered as 
shown in Figure 5(a). 

PCR analysis was performed using primers specific for 
the excised sequences and flanking non-excised sequences 
(see Figure lb). Based on a previous study (Zuo ef a/., 
2001), the P1/P2 and P3/P4 primer pairs were expected to 
yield PCR fragments of 696 and 1331 bp, respectively, from 
a non-recombinantT-DNA. By contrast, following Cre/loxP- 
mediated recombination and reconstitution of the GlO-90- 
PDSi transcription unit the P1/P4 primer pair produced a 
PCR product of 992 bp (Figure lb). Leaves with similar 
phenotype were pooled from several plants for DNA pre- 
paration at 18 days post-induction. No fragment was ampli- 
fied from WT Columbia (Figure 5c, lane 1), whereas P1/P2 
and P3/P4 fragments were detected in untreated line 1-1 
(Figure 5c, lane 2), indicating no DNA recombination. The 
P1/P4 fragment was detected in bleached (group 2 leaves) 
and patchy leaves (group 3 leaves) of both line 1-1 
{Figure 5c, lanes 4 and 5) and line 1-2 (Figure 5c, lanes 8 
and 9), indicating complete DNA excision in these leaves 
after 2 weeks of inducertreatment. In the near-green young 
leaves (group 4 leaves), however, varying amounts of the 
DNA excision were found (Figure 5c, lanes 6 and 10). There 
was no DNA excision in the sample collected from group 4 
leaves of line 1-1 because only P1/P2 and P3/P4 fragments 
were amplified (Figure 5c, lane 6). By contrast, P1/P2, P3/P4, 
and P1/P4 fragments were detected in the samples col- 
lected from group 4 leaves of line 1-2 (Figure 5c, lane 
10), indicating that DNA recombination occurred in some 
of the leaves. 

We also found that DNA excision occurred in the old 
leaves (group 1 leaves) that were already developed before 
plants were transferred to the inductive medium. PiyP4 
fragment was amplified from both line 1-1 (incomplete 
excision; Figure 5c, lane 3) and line 1-2 (complete excision; 
Figure 5c, lane 7), consistent with the highly effective indu- 
cer-dependent DNA recombination, probably as a result of 
penetration of 17p-estradiol to almost all cells in the lower 
leaves. 

Endogenous PDS mRNA levels of T2 line 1-2 were 
assessed by Northern analysis 18 days after induction. 
Consistent with the photobleaching phenotype and DNA 
excision, PDS mRNA levels were significantly decreased in 
groups 2 and 3 leaves (Figure 5d, lanes 4 and 5), and slightly 
decreased in group 4 leaves compared to that in untreated 
line 1-1 control seedlings (lane 2) and WT Columbia con- 
trol seedlings (lane 1). As expected, PDS mRNA was 
also degraded in group 1 old leaves (Figure 5d, lane 3), 



consistent with the DNA excision assay. Although PDS 
silencing in old leaves was indeed induced after treatment, 
the persistence of the green color presumably resulted 
from the continued presence of carotenoids that were 
synthesized before the T2 seedlings were transferred to 
the inductive medium. This residual amount of pre-formed 
carotenoids was able to protect chlorophylls from photo- 
oxidation under tow light intensity (our assay condition: 
35 fimol sec"^ m~^). However, when these plants were 
transferred to high light intensity (70 jimol sec"^ m~^), all 
leaves including the old ones became strongly bleached 
(Figure 5e). 

Some line 1-1 seedlings treated with the inducer for 
18 days were transferred to the soil, and the phenotype 
of group 4 leaves as well as that of the newly emerged 
rosette leaves was followed. Group 4 leaves became patchy 
in appearance, and they became progressively bleached 
until near-white in appearance in 1 week. Similar results 
were observed in another two newly grown rosette leaves, 
which displayed limited areas of photobleaching. DNA and 
RNA were extracted from new photobleached leaves 
(including group 4 leaves), and PCR analysis showed that 
only P1/P2 and P3/P4 fragments were amplified (Figure 5f), 
indicating no DNA excision in these leaves. However, RNA 
analysis demonstrated a severe reduction in PDS mRNA 
levels, indicating that the PDS gene was silenced presum- 
ably via signals generated by the tower leaves. 

Inducible silencing of endogenous PDS gene in 
transgenic Nicotiana benthamiana 

Similar results were obtained in N. benthamiana trans- 
formed with the pX7-PDSi(Nb} construct. Inducible PDS 
silencing was observed when the inducer was given at 
germination (Figure 6a) or post-germination stages 
(Figure 6b). Northern analysis of endogenous PDS mRNA 
levels (data not shown) confirmed the visual photobleach- 
ing phenotype, suggesting that the inducible RNAi system 
is capable of inducing endogenous gene silencing in 
N. benthamiana and probably other plant species as well. 

Discussion 

In this work, we report the development of an inducible 
dsRNA-mediated silencing {inducible RNAi) system for 
conditional gene silencing in transgenic plants. This system 
contains two steps: (i) the inducible expression of dsRNA 
resulting from 17P-estradiol-induced DNA recombination 
and (ii) induction of target gene silencing by the dsRNA. 
A detailed characterization of the 17p-estrad(ol-inducible 
silencing system in transgenic A. thaliana and 
N. benthamiana plants demonstrated that this system is 
stringently controlled and can produce, at high efficiency, 
conditional silencing of both a CFP transgene and an 
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endogenous PDS gene and without any detectable second- 
ary affect. At seed germination stage, all tested At-PDSi 
lines showed a uniform photobleaching phenotype similar 
to that obtained with constitutively silenced 35S-PDSi lines. 
This suggests that the efficiency and effectiveness of the 
inducible RNAi system against endogenous genes are 
comparable to those obtained with constitutive expression 
of dsRNA (constitutive RNAi). 

The highly efficient gene silencing obtained by intron- 
containing dsRNA expressed from a constitutive promoter 
would produce loss-of-function transgenic plants similarto 
null mutants. If the target gene is essential for basic cell 
function and development, constitutive RNAi would prob- 
ably prevent shoot regeneration, cause plant lethality or 
embryogenesis defect, and block the ability of the trans- 
formed plants to produce subsequent generations. These 
problems can be avoided by using the inducible RNAi 
system described here. Moreover, the inducible RNAi sys- 
tem provides the possibility to induce gene silencing at 
different stages of plant development post-germination. 
This is demonstrated by the At-PDSi lines described here, 
in which a portion of the tested 2- or 4-week-old seedlings 
showed strong photobleaching after induction similar to 
that shown by transgenic plants with 35S-PDSi phenotypes. 
Moreover, the varying initiation and degrees of inducible 
gene silencing generate plants with a range of loss-of- 
function phenotype much like an allelic series, facilitating 
functional analysis. 

Both heterozygous (line 1-1) and homozygous (line 1-2) 
progeny of At-PDSi line 1 retain the ability to reproduce 
inducible POSsilencing as the parental line, indicating that 
the inducible RNAi can be transmitted to the next genera- 
tion. Having stable and reproducible RNAi transgenic lines 
would allow genetic crosses to be made and investigations 
of gene functions to be carried out with subsequent gen- 
erations. Other silencing induction systems, such as Agro- 
bacterium infiltration (Voinnet and Baulcombe, 1997) and 
infection with vectors derived from RNA viruses (Dalmay 
et al„ 2000; Ratcliff et al., 2001) or DNA viruses (Peele et at,, 
2001; Turnage et aL, 2002), have limited utility for func- 
tional genomics because of their transient nature, and the 
silencing effects are not heritable. Moreover, Agrobacter- 
/um infiltration cannot be applied to Arabidopsis because of 
its small plant size and clumpy rosette leaves. In the case of 
virus-induced gene silencing, some infected plants display 
stunted growth and they often do not produce inflores- 
cences, flowers, or seeds (Turnage ef a/., 2002). Moreover, 
disease symptoms caused by viral infection could con- 
found the interpretation of the phenotype as a result of 
silencing ofthe target gene. By contrast, theinducible RNAi 
system described here can be triggered by simply treating 
plants with the inducerfor a certain period of time. Treated 
plants display a specific silencing phenotype without any 
non-specific effects (see Figures 2a, 4e-h and 6b). 



We have chosen the inducible Cre/loxP DNA excision 
system (CLX) rather than the XVE transient inducible sys- 
tem (Zuo et al., 2000) to produce the inducible RNAi for 
several reasons. The mechanism for RNA silencing 
involves an initial induction process followed by a systemic 
spread of the silencing signal (for review, see MIotshwa 
ef al., 2002), The local initiation of gene silencing by dsRNA 
is equally effective for both transgene and endogenous 
genes (Smith et af., 2000; Wesley et al., 2001). However, 
unlike the widespread, persistent silencing observed for 
a GFP transgene, systemic silencing of endogenous 
genes was transient and limited (Palauqui and Vaucheret, 
1998; Voinnet eta/., 2000). Amplification of the signal is 
necessary for efficient systemic silencing (Palauqui and 
Vaucheret, 1998; Voinnet ef a/., 1998). It has been proposed 
that the silencing signal is perpetuated by transgenes, but 
not by endogenous genes (Fagard and Vaucheret, 2000; 
MIotshwa ef al., 2002). The CLX system can rescue the weak 
amplification ofthe silencing signal by endogenous genes. 
Once the Cre//oxP-mediated DNA excision occurred upon 
inducer treatment, expression of the downstream intron- 
containing dsRNA would be permanently activated. This 
situation mimics the expression of an RNAi using a con- 
stitutive promoter, which is the most efficient, effective, and 
high-throughput system for gene silencing, and the sys- 
temic spread of silencing signal is therefore not required. 
Expression of dsRNA from the inducible XVE system' (Zuo 
et al., 2000) without DNA recombination would require 
repeated applications of 17p-estradiol to the transgenic 
plants for sustained expression, and this may not be prac- 
tical for plants growing in the soil. 

The strong photobleaching induction in At-PDSi lines 
(lines 2, 5, 7, and 8) at post-germination stages is believed 
to be a result of complete DNA excision, which would 
reconstitute the G10-90-PDS/ transcription unit to produce 
POS/ transcripts constitutively throughout the entire plant. 
In this case, no silencing signal amplification was required. 
This interpretation is consistent with our PCR analysis of At- 
PDSi lines (second group), displaying a delayed onset of 
gene silencing. In both line 1-1 and line 1-2 leaves, complete 
excision of DNA within the loxP sites showed strong photo- 
bleaching or patchy PDS-silencing phenotype. In near- 
green leaves where incomplete or no DNA excision was 
detected, only a weak systemic spread (weak signal ampli- 
fication) of PDS silencing to upper rosette leaves was seen 
during the 18-day incubation with the inducer (Figure 5a-d). 
However, upon an additional week of growth after inducer 
withdrawal, strong PDS gene silencing was also detected 
in group 4 leaves and in the next two younger leaves 
(Figure 5f). These results suggest a limited systemic 
translocation ofthe silencing signal to two to three upper 
leaves. 

Because of 17p-estradiol instability (Zuo ef al., 2000), a 
second or even multiple treatment with fresh inducer may 
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be needed to fully reactivate this RNAi system in some 
transgenic lines. With appropriate innprovement of the 
induction conditions, a higher DNA excision efficiency, 
and therefore a higher proportion of lines showing strong 
induction, may be obtained. Nevertheless, the incomplete 
Cre/loxP DNA excision, which results in genetic chimera in 
transgenic plants, may provide a useful system to study 
mechanisms of long-distance signal transduction in gene 
silencing in Arabidopsis, which is difficult to graft {Turnbull 
et al., 2002). The mechanisms involved in systemic RNA 
silencing in plant systems are being actively investigated 
using grafting and transient expression approaches with 
N. benthamiana or N. tabacum (Guo and Ding, 2002; 
Mallory eta/., 2001; Voinnet et aL, 2000). No mutations 
specific to systemic silencing have yet been reported in 
plant systems. Because of the small plant size and the 
clumpy rosette leaves, it is impossible to carry out localized 
infiltration of Arab/cfops/s with Agrobacterium, and grafting 
manipulation in Arabidopsis is also a challenging task. For 
these reasons, the ability to generate genetic chimera in 
transgenic Arabidopsis producing RNAi only from treated 
tissues would be very useful for future investigations. As 
shown by PCR analysis in At-PDSi line 1-1 and line 1-2, DNA 
excision occurred in lower rosette leaves, but not in upper 
rosette leaves. Gene silencing resulting from local RNAi 
induction (complete excision. Figure 5c,d) or signal- 
mediated long-distance (no excision) induction (Figure 5f) 
can be predicted by simple PCR analysis. The ability to 
generate genetic chimera in Arabidopsis may also find 
useful applications in research on other types of long-dis- 
tance signaling (e.g. flowering time) in plants. 

Experimental procedures 



Plasmid construction 

DNA manipulations and cloning were carried out using standard 
procedures (Sambrook ef al., 1989). The third intron of Arabidop- 
sis actin gene 11 {ATU27981» nt 1957-2111) was selected for the 
intron-containing intermediate construct (pSK-int). This intron was 
amplified by PCR using two primers: Pint5', 5'-TACGTAAGTA- 
GATCTTCAACACC-3'; and Pint3', 5'-GGAATTCTGCAAACACACA- 
AGACAAT-3'. The primers were designed such that their border 
sequences contained the consensus sequence (bold letters) for 
plant introns: AG//GTAAGT. . TGCAG//G (Shapiro and Senapathy, 
1987). Two restriction sites SnaBI and fcoRI (underlined) were 
added for cloning purposes. A PCR fragment of 155 bp was 
digested with SnaB\/EcoH\ and cloned into fcoRV/EcoRI-digested 
pBluscript II SK+ to yield the intermediate construct pSK-int 
(Figure la). 

To clone sequences encoding the inverted-repeat RNA into the 
pSK-int intermediate vector, a 357 bp fragment corresponding to 
nucleotides (nt) 360-716 of the GFP 3'-terminal sequence (Voinnet 
and Baulcombe, 1997) was cloned into the 5' and 3' arms of the 
intron (Figure la), and the resulting plasmid was named as pSK- 
GFPi. The 5'-terminal sequences of PDS of A. thaltana and 
N. benthamiana were obtained by RT-PCR amplification with 



specific primers. For A. thaliana PDS, the primers were: Pat5', 
5'-GACTAGTATGGTTGTGTTTGGGAATG-3'; and Pat3', 5'- 
GATATC CTTCCATGCAGCTATC-y. These primers were used to 
obtain a fragment of 405 bp corresponding to nt 128-532 of the 
A. thaliana PDS cDNA (L16237), and Spe\ and EcoHV restriction 
sites (underlined) were added to the cDNA fragment. For PCR 
amplification of the W. banthamiana PDS sequence, the primers 
were: Pnb5', 5'-GACTAGTATGCCTCAAATTGGACTTGT-3'; and 
Pnb3', 5^- CAGCTG - TAGACAAACCACCCAAAC-3' homologous to 
regions of the tomato PDS cDNA (M88683) nt 318-337 and nt 675- 
696, respectively. These primers were designed with the addition 
of Spel and PvuW restriction sites (underlined). Using /V. benthami- 
ana RNA as templates, a 386 bp fragment was obtained with RT- 
PCR, whose sequence exhibited high homology with the tomato 
PDS cDNA. RT-PCR fragments derived from A. thaliana (At) and 
N. benthamiana (Mb) were cloned into the pCR-Blunt vector 
(Invitrogen, USA) to give pCR-PDS(At) and pCH-PDS(Nb}, respec- 
tively. Fragments of Spe\-EcoH\ and Hin6\\\~Xho\ were inserted 
into both arms of the intron of pSK-int digested with the appro- 
priate restriction enzymes as shown in Figure 1(a) to obtain pSK- 
PDSKAt) and pSK-PDSi(NbK respectively. 

For inducible dsRNA transformation constructs, the kanamycin- 
resistance gene In pX6-GFP (Zuo ef ai„ 2001) was replaced with a 
hygromycin-resistance gene, and the derivative called pX7-GFP. 
To create an inducible expression of intron-containing dsRNA, 
fragments of X/iol-X6aI from pSK-GW, pSK-PDS/YAtA and pSK- 
PDSi(Nb) were subcloned into pX7-GFP digested with Xho\fSpe\ 
{Xba\ and Spel are compatible), resulting in pXl-CFPi, pX7- 
PDSi(At), and pX7-PDSi{Nb), respectively (Figure lb). 

In addition, the Pst\-Sad fragment from pSK-PDSi(At} was 
cloned into a modified binar/ vector pCAMBlA-1300 (AF234296), 
which contained a 35S promoter and a 35S terminator, to give 
pCAMBIA-PDS/YAfj, which is a constitutive RNAi construct 
(Figure Ic). 

Upon request, vectors described in this paper are available to 
academic researchers for non-commercial projects. 

Plant materials, transformation, and growth conditions 

A transgenic N, benthamiana line (GFP-16c) carrying a 35S-GPP 
transgene with a kanamycin-seiectable marker at a single locus in 
homozygous condition (Ruiz ef ai, 1998) and a transgenic A. thali- 
ana ecotype C24 line (Dalmay et al,, 2000) carrying a similar 
transgene were used for pX7-GFPi transformation. A. thaliana 
ecotype Columbia was used for pXl-PDSi{At} and pCAMBIA- 
PDSHAt) transformation. WT N. benthamiana was used for pX7- 
PDSi(Nb) transformation. N. benthamiana transformation was 
carried out by co-culture with Agrobacterium, whereas A, thaliana 
was transformed by the floral dip method (Clough and Bent, 1998). 
The selective medium contained MS medium plus hygromycin 
(20 mg r"* for A. thaliana and 40 mg I""" for N. benthamiana), 
whereas the inductive medium contained, in addition, 17p-estra- 
diol (2 nM). GFP fluorescence was examined using a 100 W hand- 
held long-wavelength UV lamp. 

Analyses of RNA and DNA 

Total RNA was isolated from plant tissues by LiCI precipitation 
(Verwoerd et al., 1989). The LiCI supernatant fraction was precipi- 
tated with 3 volumes of ethanol to obtain genomic DNA and low 
molecular weight RNA (siRNA). dsRNA was obtained by digesting 
total RNA with Rnase^"^ (Promega, USA) (0.5 U Rnase ng~^ total 
RNA) at 37°C for 3 h. For Northern analysis, total RNA or dsRNA 
was separated on 1,2% agarose formaldehyde gels, transferred to 
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Hybond-N+ membranes, and hybridized with ^^P-fabeled cDNA 
probes specific for the respective RNA. Low molecular weight RNA 
analysis was done as described (Hamilton and Baulcombe, 1999; 
Uave et al., 2000). The probes for GFP and PDS siRNA were ^^P- 
labeled 3'-terminal 356 nt of GFP or 5'-terminal 400 nt of PDS 
antisense RNA< respectively, transcribed by T7 RNA polymerase. 
The PCR analysis with approximately 200 ng of genomic DNA was 
subjected to 94''C for 20 sec, 50*'C for 20 sec, and 72°C for 2 min for 
30 cycles. Primers for PCR analysis were: PI, 5'-GCCGCCACG- 
TGCCGCCACGTGCCGCC-3'; P2, 5'-CTCGTCAATTCCAAGGGCAT- 
CGGT-3'; P3, 5'-CTGGACACAGTGCCCGTGTCGGA-3'; P4, identical 
to Pints' for Intron amplification (see Results). 
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Downregulation of endogenous genes via post-transcriptional gene silencing (PTGS) is a key to the char- 
acterization of gene function in pfants. The recent discovery that double-stranded RNA (dsRNA) is an 
e)ctremely effective trigger of gene silencing greatly enhanced the predictability of this approach. However, 
strong constitutive silencing often leads to pleiotropic effects, which make it difficult to directly relate 
phenotype to gene function, or even interferes with the recovery of viable transgenic plants. Here, we 
show that strong genetic interference can be achieved in a chemically Inducible fashion, allowing for 
temporal and spatial control of gene silencing in transgenic plants. To this end, transgenic tobacco plants 
were established expressing dsRNA in the form of intron-spliced hairpin structures under the control of the 
ethanol-inducible aic gene expression system. Targeting magnesium (Mg}-chelatase subunit I [Chi I) and 
glutamate 1-semialdehyde aminotransferase iGSA), both involved in chlorophyll (chl) biosynthesis, 
resulted in rapid and specific mRNA degradation upon induction with ethanol. Ethanol-inducible silencing 
of the target genes caused strong but transient phenotypical alterations featured by a progressive loss of 
chl in young leaves, which persisted for about 7-9 days before newly growing leaves completely recovered. 
About 10-30% of the primary transformants showed phenotype development upon induction. Local silen- 
cing of Chl I could be achieved by confined ethanol treatment of a single leaf without affecting any other 
part of the plant. Inducible gene silencing using the ale system promises to obviate the problems associated 
with constitutive RNA silencing and enables to dissect primary and secondary effects of PTGS at temporal 
and spatial resolution. 

Keywords: chemically inducible expression, ethanol, double-stranded RNA, gene silencing, functional 
genomics, Nicotiana tabacum. 



Summary 



Introduction 



The recent completion of the Arabidopsis thaliana genome 
sequence (The Arabidopsis Genome Initiative, 2000) and 
the accumulation of sequence data from a number of other 
model plants and important crop species, such as rice (Goff 
ef a/., 2002; Yu ef a/., 2002), have provided a vast new 
resource to define gene function at the morphological, 
biochemical, or physiological level. A critical step in exploit- 
ing these genomic resources, however, depends on the 
development of novel tools and approaches for the func- 
tional analysis of a given gene. In the past, the use of loss- 
of-function or reduced-expression mutants has proven to 
be a powerful tool to relate a mutant phenotype to the 
function of a particufar gene. Traditionally, these reverse 



genetic approaches rely on transposon insertions or classic 
genetic screens (for review, see Page and Grossniklaus, 
2002). However, their use is limited by the untargeted 
nature of the mutagenesis and their restriction to a few 
genetically tractable plant species. The discovery of the 
antisense phenomenon of plant gene silencing (van der 
Krol ef a/., 1988; Smith et ai, 1988), and subsequently co- 
suppression (van der Krol et a/., 1990; Napoli ef a/., 1990), 
provided an alternative means for investigating the role of 
specific gene products in plant growth and metabolism and 
has been particularly versatile in studying plant primary 
metabolism (Frommer and Sonnewald, 1995; Stitt and 
Sonnewald, 1995). The antisense and co-suppression 
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phenomena are collectively referred to as post-transcrip- 
tional gene silencing (PTGS), which describes a nucleotide 
sequence-specific RNA degradation process naturally pro- 
viding a defense mechanism against invasive nucleic acids 
such as viruses, transposons, and transgenes (Baulcombe, 
2002; Matzke et aL, 2001; Vance and Vaucheret, 2001; 
Voinnet et al., 1998). A set of mechanistically related path- 
ways were also found in fungi {quelling) and in animals 
(RNA interference (RNAi)) and requires a conserved set of 
gene products (for recent reviews, see Carthew, 2001; 
Cogoni and Macino, 2000; Plasterk, 2002). According to 
current models of PTGS, an endogenous RNA-dependent 
RNA polymerase initially synthesizes a double-stranded 
RNA (dsRNA) molecule using the target transcript as tem- 
plate (Dalmay et at,, 2000; Mourrain et aL, 2000), which is 
subsequently processed into 21-25 ntRNA fragments of 
both polarities (Hamilton and Baulcombe, 1999). These 
short interfering RNAs (siRNAs) are then incorporated into 
a dsRNA-induced silencing complex (RISC) to guide cycles 
of specific RNA degradation (Hammond et aL, 2000; Tang 
et aL, 2003; Zamore et aL, 2000). In some experiments, 
however, when conventional antisense and co-suppression 
constructs are used to trigger PTGS, RNA-silencing occurs 
only in a portion of the transformants or their progenies or 
the constructs even fail to induce silencing, rendering these 
approaches largely ineffective. Recently, considerable pro- 
gress in effectively triggering PTGS has been made by 
using constructs designed to express dsRNA fragments, 
usually in the form of self-complementary hairpin RNA, 
consistently yielding a high degree and frequency of PTGS. 
This often gives rise to phenotypes that resemble those of 
the null alleles of the target genes (Chuang and Meyerowitz, 
2000; Levin et aL. 2000; Smith et aL, 2000). However, 
because of the high degree of silencing, which is achieved 
by this method, functional analysis of a particular gene 
product required during plant transformation and regen- 
eration from culture is limited, as viable plants might not be 
recovered. Moreover, constitutive gene silencing consis- 
tently entails pleiotropic effects, which might superimpose 
the primary impact of reduced gene expression and thus 
mask true gene function. This is especially true, if metabolic 
processes are under scrutiny, as the observed phenotype 
could rather reflect a physiological adaptation to the loss of 
a metabolic function than a primary response to the latter. 
To overcome these problems a system for inducible gene 
silencing of candidate genes would be highly desirable. 

The problems have partially been solved by the introduc- 
tion of virus-induced gene silencing (VIGS) systems where 
a recombinant virus carrying a partial sequence of a host 
gene is used to infect the plant. When the virus spreads 
systemically, the endogenous transcripts, which are homo- 
logous to the insert in the viral vector, are degraded by 
PTGS (Baulcombe, 1999). Although several VIGS vectors 
have been described (Gossele ef aL, 2002; Hotzberg et aL, 



2002; Liu et aL, 2002; Ratcliff et aL, 2001; Turnage et aL, 
2002), these approaches suffer from a number of short- 
comings. First, the use of each system is restricted by the 
host range of the virus it is derived from and thus no such 
system is broadly applicable to a wide range of plant 
species. Second, the VIGS phenotype is superimposed, 
and sometimes complicated, by at least mild disease symp- 
toms of virus infection, which cause significant biochemical 
perturbations not directly linked to the suppression of the 
target gene. This causes problems especially in physiolo- 
gical investigations. Most of these limitations should be 
overcome by the use of a chemically inducible promoter to 
drive expression of the silencing construct, allowing the 
investigator to control when a specific gene will be inacti- 
vated. The optimal system would employ a non-toxic indu- 
cer with high specificity and minimal potential to elicit 
physiological responses. Moreover, the system should 
have the capacity to achieve high level of expression but 
with a concomitant negligible activity in the absence of the 
inducer. One such system is the ale gene switch based on a 
regulon derived from the filamentous fungus Aspergillus 
nidulans (Caddick et aL, 1998; Roslan eta/., 2001; Salter 
et aL, 1998). In plants, the system basically consists of two 
modules: the AIcR transcriptional regulator expressed from 
the cauliflower mosaic virus (CaMV) 35S promoter and a 
modified afcA promoter in front of the gene of interest. In 
the presence of ethanol, AlcR binds to the modified a/cA 
promoter and drives expression of the target gene. Several 
studies demonstrated the efficiency of the ale system in a 
wide range of plant hosts, including Arabidopsis, Brassica 
napus, Nicotiana tabacum, and potato tubers (Caddick 
et aL, 1998; Junker et aL, 2003; Roslan et aL, 2001; Salter 
et aL, 1998; Sweetman ef aL, 2002). Induction of the system 
can be achieved by either root drenching of the plants with 
ethanol solution (Caddick et aL, 1998; Roslan et aL, 2001; 
Salter et aL, 1998) or exposing the plants to ethanol vapor 
(Sweetman et aL, 2002). Alternatively, the ale gene switch 
can also be activated by other related chemicals. A recent 
study demonstrated a more rapid induction of the system 
upon the application of acetaldehyde, the physiological 
inducer of the ate regulon in A. nidulans, than that of 
ethanol (Junker er a/., 2003). 

We initiated the study described herein to determine 
whether the ale system can be used to achieve inducible 
gene silencing in transgenic tobacco. To this end, nuclear 
genes involved in the chlorophyll (chl) biosynthetic path- 
way were targeted, because it was assumed that the host 
gene silencing would be easy to visualize and quantify as 
loss of chl. Our data demonstrate that transgenic tobacco 
plants designed to express double-stranded hairpin con- 
structs under the control of the ethanol responsive promo- 
ter exhibit a rapid but transient development of the 
characteristic phenotype upon induction. Using repeated 
application of ethanol, extended periods of gene silencing 
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could be maintained. We further show that spatial silencing 
of a target gene could be achieved by ethanol treatment of a 
single tobacco leaf. With these attributes, inducible PTGS 
using the ale system promises to extend the kind of silen- 
cing studies that can be carried out in transgenic plants, in 
particular, with respectto temporal and spatial resolution of 
silencing effects, rendering the system extremely useful for 
metabolic studies. 



Results 

Construction of silencing vectors and plant 
transformation 

To evaluate the suitability of the ale system for inducible 
gene silencing, two nuclear target genes were selected, 
which have previously been described to yield a readily 
discernable phenotype in conventional antisense experi- 
ments. Magnesium (Mg}-chelatase is a heteromeric enzyme 
complex composed of three-subunits (designated CHL I, 
CHL H, and CHL D) that catalyzes the incorporation of 
Mg^"^ into protophorphyrin IX, which represents the first 
committed step In chl biosynthesis. Antisense suppression 
of C/)/ /in transgenic tobacco led to a strongly reduced green 
pigmentation as a result of the decreased chl biosynthetic 
capacity (Papenbrock et al„ 2000). A key regulatory step in 
tetrapyrrole biosynthesis in higher plants, providing the 
precursors for chl and heme synthesis, is the formation of 
5-aminolevulinate catalyzed by the activity of glutamate 
1-semialdehyde aminotransferase (GSA). Expression of 
GSA antisense RNA in tobacco plants results in a decline 
in chl content apparently leading to pale leaves (Hofgen 
etai, 1994). 

Constructs for inducible expression of dsRNA in trans- 
genic plants were assembled in the appropriate plant trans- 
formation vector (Caddick et ai, 1998), which contained the 
AlcR gene driven by the constitutive CaMV 35S promoter 
and gene-specific fragments in sense and antisense orien- 
tation interspersed by a short intron under control of 
the modified aIcA promoter {B\c-dsRNA gene cassette, 
Figure 1). In parallel, inducible antisense constructs were 
made to target Chl I and GSA, respectively, by putting 
the corresponding antisense fragment under the control 
of the ethanoi-inducible promoter (alc-ar?f/ gene cassette. 
Figure 1). After Asfrofaacfenum-mediated gene transfer 
(Rosahl etai., 1987), 80 primary transformants for each 
construct were transferred to the greenhouse. Prior to 
the application of ethanol, all transgenic plants were indis- 
tinguishable from wild-type plants, indicating that the pro- 
moter was not leaky. Northern analysis of transgene- 
specific dsRNA further confirmed tight control of the pro- 
moter under un-induced conditions in that no detectable 
levels of dsRNA were present prior to the application of the 
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Rgure 1. Diagrammatic representation (not to scale) of a^c-system-derived 
silencing constructs. 

The alcR cDNA is under control of the CaMV 353 {p35$) promoter and 
positioned upstream of the nos terminator itnos). The a\c-clsRNA construct 
contains either a Chl tor GSA fragment in antisense and sense orientation 
separated by intron 1 of potato GA20 oxidase (200 bp) in spliceable orienta- 
tion. The alc-ant/sense construct comprises simply the respective antisense 
fragment. In both constructs, all fragments were inserted downstream of the 
chimeric pafcA promoter, which consists of the CaMVSSS minimal promo- 
ter {-31 to +5) fused at the TATA-box to upstream promoter sequences of 
aIcA (Caddick et ai, 1998). 



inducer (data not shown). However, after ethanol induction, 
26 (33% efficiency) of the alc-dsChl / transgenics and 10 
(13% efficiency) of the a\c-dsGSA plants displayed the 
characteristic phenotype previously described from consti- 
tutively silenced plants. Phenotypes of individual transfor- 
mants varied from heavily bleached leaves with only small 
green areas remaining (11 alc-dsChl I and 4 alc-dsGSA 
plants, respectively) to variegation patterns of likewise 
green and yellow to white patches (six alc-dsC/7//and three 
a\c-dsGSA plants, respectively) and pale areas along the 
major leaf veins (nine a\c-dsChl I and three alc-dsGSA 
plants, respectively). The overall efficiency using the ale 
system for inducible gene silencing was much lower than 
that of the recently published inducible RNAi system based 
on estradiol induction (Guo er a/., 2003). Whether this was 
because of differences in constructs or vectors or because 
of a species difference is currently unknown. 

Specific silencing of the target gene in phenotypically 
affected plants was further confirmed by Northern blotting 
using gene-specific probes (data not shown). Reduction in 
Chl / and GSA mRNA steady state level correlated with the 
strength of the observed phenotype. Contrastingly, none of 
the plants solely expressing the antisense fragment tar- 
geted against Chl I and GSA displayed any visible pheno- 
type upon induction {data not shown). Northern blotting 
was applied to screen for individuals expressing the respec- 
tive antisense transgenes. Several plants expressing con- 
siderable amounts of the antisense transcript could be 
identified for each construct (data not shown). From these 
data, we conclude that ethanoi-inducible expression of 
dsRNA causes silencing of endogenous genes comparable 
to that in constitutively silenced plants. Selected primary 
transformants for each construct were selfed and the T1 
generation was subject to a detailed analysis. 
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Rapid and reversible phenotypical changes in plants 
containing a/c-dsRNA expression cassettes 

Three a\c-dsChf I lines (14, 16, and 45), and two a\c-dsGSA 
lines (60 and 70) were chosen for a detailed analysis accord- 
ing to their strong inducible phenotype observed in the To 
generation. Seeds were germinated on kanamycin-contain- 
ing medium and resistant seedlings were analyzed 4 weeks 



after transfer to soil. Application of 1% ethanol by root 
drenching led to the development of the characteristic 
phenotype featured by the loss of chl. The phenotype 
started to develop approximately 36 h post-induction 
(hpi) for a\c-dsChl I lines and approximately 48 hpi for 
a\c-dsGSA lines, and was first visible in the top leaves 
(Figure 2). The bleached patches expanded as the leaves 
grew, and also appeared in nascent leaves over a period of 












Figure 2. Time course of phenotype development in a\c-dsRNA lines after application of ethanol. 
(a-f) Q\C'dsChl / line 16 before, and 2, 4, 5, 9, and 12 dpi, respectively. 

tg-l) a\c-dsGSA line 60, before, and 2, 4, 5, 7, and 9 dpi. The arrow indicates the type of leaf that has been followed for molecular analyses. 
Plants (42 days old) were induced via root drenching with 100 ml 1% {v/v) ethanol and photographs were taken at different time points. 
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7-9 days. After that, newly emerging leaves looked like 
the wild type again while those initially affected never 
recovered. Whether this was because of the develop- 
nnental control of chl-synthesizing enzymes (Hartel ef a/„ 
1997; He ef a/., 1994) or because of stable silencing is 
currently unknown. Leaves that were mature prior to 
induction always remained green. Upon a second induc- 
tion, the silencing phenotype could be re-established in 
the newly grown leaves of transgenic plants (data not 
shown). 

In some cases, the silencing effect caused by a single 
Induction might be too transient to reveal the full sequence 
of consequences of reduced gene expression. In order to 
investigate whether extended periods of gene silencing 
could be achieved by repeated ethanol treatments, alc- 
dsChl I plants were root-drenched with 1% ethanol every 
2 days for 15 days in total. Phenotypic changes became 
apparent 2 days post-induction (dpi) but, in contrast to the 
single-induction experiments, they were maintained over 
the entire period of ethanol treatment (Figure 6b). There- 
fore, using re-iterated treatments, extended periods of gene 
silencing can be maintained. 

Kinetics of inducible gene silencing 

In order to follow the kinetics of target transcript reduction 
in a\c-dsHNA lines, samples were taken from leaves 
expected to become phenotypically affected at different 
time points after application of ethanol. To compensate 
for plant-to-plant variation, at least three plants were 
probed at each time point and samples were pooled after 
preparation of total RNA. Northern analysis revealed that 
the Chi I mRNA was significantly reduced as early as 8 h 
after ethanol induction. Transcript levels further declined to 
undetectable levels at 48 hpi so as to rise again from 72 hpi 
onwards. The initial amount was reached again at approxi- 
mately 9 dpi in newly emerging leaves, which were phe- 
notypically normal (Figure 3a). Chi I transcript levels in 
ethanol-treated wild-type plants remained stable over the 
time course of the experiment (data not shown). Similar 
kinetics of target transcript decay and duration of mRNA 
downregulation was observed in the a\c-dsGSA plants 
(Figure 3b). In the line under investigation (line 60), an 
additional band migrating above the endogenous GSA 
transcript appeared upon induction and was detectable 
upto 48 hpi. As PTGS has been shown to affect RNA 
processing (Mishra and Hanada, 1998), we used RT-PCR 
to investigate whether splicing of the endogenous GSA 
messenger was impaired in these plants. No PCR product 
that could possibly represent an incompletely spliced RNA 
was detected. However, if primers specific for the intron 
included in the transgene construct were used, a weak but 
specific band was amplified (data not shown). Therefore, 
the additional band on the GSA Northern blot was tenta- 
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Figure 3. Efficient downregulation of target mRNA following ethanol-indu- 
cible expression of dsRNA constructs, 

(a) Time course of C/)/ /transcript degradation in alc-c/sCh// plants (line 16). 

(b) Time course of GSA mRNA degradation in a\c-dsGSA plants (line 60). 
Transgenic tobacco plants (42 days old) were induced with 100 ml 1% (v/v) 
ethanol via root drenching. Leaves were followed being c 5 cm in size at the 
time point of induction. After the indicated periods of time, total RNA was 
isolated and Northern blot hybridization was performed with the respective 
cDNA probe. At 9 and at 11 dpi, newly grown leaves were taken for the 
analysis. 



tively assigned to the unspliced intron-containing inverted- 
repeat fragnnent. This band was never observed in any 
other a\c-dsGSA line; however, line 60 had the strongest 
phenotype and high expression of the transgene might 
interfere with its correct splicing because of sub-optimal 
splice sites. 

In order to follow the silencing process in alc-dsGS4 lines 
on the protein level, samples were taken from the same 
leaves as before and subjected to a Western analysis using 
GSA-specific antibodies (kindly provided by Dr B, Grimm, 
Humboldt University, Berlin, Germany). Within 48 hpi, a 
considerable reduction of the GSA amount occurred in the 
transgenics (Figure 4), which is in good accordance with 
phenotype development in these plants. No detectable 
protein was observed 72-96 hpi. When newly developing 
leaves were probed for GSA 9 dpi, the amounts were 
comparable to those before induction. 
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Rguro 4. Time course of GSA protein degradation in alc-dsGS/A plants after 
ethanol treatment. 

(a) Level of GSA protein in a\c-dsGSA plants (line 60) after induction. 

(b) Ethanol-treated control plants. 

Plants (42 days old) were induced with 100 ml 1% (vA^) ethanol via root 
drenching. Leaves were followed being c. 5 cm in size at the time point of 
induction. After the indicated periods of time, total protein was prepared and 
Western blot analysis was performed using an anti-GSA antibody. At 9 and 
at n dpi, newly grown leaves were taken for the analysis. 
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Changes in chlorophyll contents upon induction of 
gene silencing 

In order to investigate the degree of gene silencing, which 
could be achieved with the ethanol-inducible system 
compared to plants constitutivety silenced for GSA and 
Chi I (Hofgen et al., 1994; Papenbrock eta/., 2000), the 
decrease in chl content in phenotypically affected leaves 
over time was taken as an indirect measure for chl biosyn- 
thetic capacity. Therefore, leaves were followed that were 
approximately 5 cm in length at the time point of induction. 
Samples were taken at different time points and analyzed 
for their chl content. To compensate for local variations 
within a plant, two samples were taken from each leaf. 
To compensate for plant-to-plant variation, at least five 
plants were harvested at each time point for each construct 
tested. After application of ethanol, a gradual decline in chl 
content was observed in lines expressing dsRNA constructs 
{Figure 5), whereas chl content in ethanol-treated control 
plants increased over the time course of the experiment as a 
result of the developmental control of chl biosynthesis. 
In case of a\c-dsChl I plants, the progressive loss of chl 
became apparent as early as 24 hpi, while ethanol-treated 
a\c-dsGSA plants lost their chl more slowly. This is in 
good accordance with the temporal differences in pheno- 
type development of the two mutants. Seven days post- 
induction, chl content in a\C'dsChl I plants was only 
approximately 3% of that before treatment, whereas chl 
content in phenotypically affected leaves of alc-dsGSA 
was reduced to levels of about 20% of those before 
treatment. 



200 




Days post induction (dpi) 

Figure 5. Changes in chl content in alc-cy5/?yV^ transgenic plants after etha- 
nol induction. 

Control ptants (O). alc-dsGS^ line 60 (•), and alc-dsCh/ / line 16 (T) were 
induced with 100 ml 1% (v/v) ethanol via root drenching, and chl content 
was measured at the times indicated. Samples were taken from leaves being 
c. 5 cm in size at the time of induction until 7 dpi. The chl content is 
expressed as a value relative to that at day 0. Bars show the SD of five 
replicates. 




Figure G. Temporal and spatial control of Chl I gene silencing, 
(a, b) Wild-type (a) and a\c-dsChl I (b) plants (line 16) were root-drenched 
with 1% ethanol solution every 2 days. The pictures were taken at 15 dpi. 
(c, d) Local Chl I silencing. The leaf indicated by an arrow was enclosed with 
3 ml of 4% (vM ethanol for 48 h. (c), wild-type control plant; (d), alc-dsC/i/ / 
plant from line 16. 



Spatial control of gene silencing using the ale system 

Previous studies demonstrated that spatial induction of ale- 
reporter gene constructs could be achieved by exposing 
single leaf to ethanol vapor (Sweetman et al., 2002). In 
order to test whether this was also possible for inducible 
gene silencing, an individual leaf of an alc-dsCA?// plant was 
exposed to ethanol vapor using a similar 'bagging' experi- 
ment as described before by Sweetman et a/., (2002). As 
shown in Figure 6(d), the respective leaf displayed the 
typical symptoms of Chl I downregulation observed in 
whole plant induction experiments. The phenotype was 
restricted to the treated leaf only, indicating that neither 
transport of ethanol into adjacent parts of the plant nor 
spread of silencing occurred. Thus, our data demonstrate 
that confined vapor treatment allows for spatial control of 
gene silencing using the ale system. 

Discussion 

Downregulation of endogenous genes via PTGS using 
sense or anttsense constructs is a crucial tool to assess 
gene function in transgenic plants. Recent findings indicate 
that expression of self-complementary hairpin RNAs 
greatly enhances the efficacy of such experiments (Chuang 
and Meyerowitz, 2000; Levin ef a/., 2000; Smith et a/., 2000; 
Stoutjesdijk et ai, 2002; Waterhouse et aL, 1998). Although 
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these approaches have been proven to be extrennely useful, 
they are not without problems. One drawback of these 
studies is that constitutive gene silencing often entails 
pleiotropic effects on growth and developnnent of the trans- 
genic plants, which compticate the interpretation of the 
phenotype and might mask true gene function. Further- 
more, if expression of the target gene is essential for early 
growth or regeneration during tissue culture, vital plants 
might not be recovered. Here, we show that temporal and 
spatial control of gene silencing in transgenic plants can be 
achieved by ethanol-inducible expression of dsRNA con- 
structs using the ale system. 

We used two genes involved in chl biosynthesis, namely 
Chf I and GSA, to test downregulation by ethanol-inducible 
expression of antisense fragments and dsRNA constructs, 
respectively. Suppression of either of the two target genes 
was assumed to result in a loss of pigmentation because of 
reduced chl biosynthesis {Hofgen et aL, 1994; Papenbrock 
ef a/., 2000). However, only constructs giving rise to dsRNA 
were effective in triggering gene silencing, as revealed by 
rapid development of the characteristic phenotype after 
induction with ethanol. Constructs designed to express 
conventional antisense fragments failed to interfere with 
expression of the target gene, which was further confirmed 
by Northern blotting. This is consistent with the assump- 
tion that dsRNA is a much stronger trigger of PTGS than 
ssRNA, possibly by circumventing the initial conversion of 
ssRNA into dsRMA by an RNA-dependent RNA polymerase 
{Beclin et al., 2002; Dalmay et aL, 2000). First signs of 
phenotype development occurred at 36 hpi for a\c-dsChl / 
to 48 hpi for alc-ds6SA most likely reflecting differences in 
mRNA and protein turnover rates of the respective endo- 
gene. The time point of phenotype development was highly 
reproducible in several independent induction experiments 
(data not shown) and is much more rapid than the 10 days 
to 3 weeks, which have been reported to be necessary for 
phenotype induction using various virus-based gene silen- 
cing systems (Gossele et aL, 2002; Hiriart et aL, 2002; 
Ratcliff era/., 2001; Turnage et aL, 2002). Using a single 
induction, the phenotype persisted for approximately 
9 days, which is considerably shorter than what has been 
shown for VIGS (Gossele et aL, 2002; Ratcliff ef a/„ 2001; 
Turnage et aL, 2002). However, re-iterated ethanol treat- 
ment permits to maintain stable silencing for extended 
periods, which should enable to follow the full sequence 
of consequences of reduced gene expression whenever 
desirable. 

One of the most interesting features of gene silencing is 
that it can act non-cell-autonomously, meaning that it can 
be induced locally and subsequently spread throughout the 
organism, implying the existence of a mobile silencing 
signal (Klahre et aL, 2002; Palauqui et aL, 1997; Voinnet 
ef aL, 1998). Little is known about the nature of the signal, 
but it seems likely that the sequence-specific component is 



an RNA (Boutia et aL, 2002; MIotshwa eta/., 2002). How- 
ever, evidence suggests that highly expressed transgenes 
are much better for systemic silencing than are endogen- 
ous genes, suggesting that the amount of target RNA is 
important in establishing systemic silencing in response to 
the mobile signal (Palauqui and Vaucheret, 1998; Palauqui 
ef aL, 1997; Voinnet et aL, 1998). This is consistent with the 
finding that using the ale system, local silencing of Chl I 
could be achieved by confined ethanol treatment of a single 
leaf. In this case, no other parts of the plant but the treated 
leaf displayed any visible signs of Chl I silencing, indicating 
that no systemic spread of PTGS occured. Spatial control of 
gene silencing is desirable in some situations, for instance 
to study the function of widely expressed genes on an 
organ or tissue basis without affecting the entire plant. 
On the other hand, the system allows for the investigation 
of physiological perturbations on the whole plant level, 
which were caused by local silencing of a particular gene. 

To determine the degree of silencing, which could be 
achieved by inducible expression of dsRNA constructs on 
the biochemical level, the decline in chl content in pheno- 
typically affected leaves was taken as an indirect measure 
for chl biosynthetic capacity. A reduction in chl of approxi- 
mately 80% was achieved in a\c-clsGSA plants, which is in 
the range of what has been reported for transgenic tobacco 
plants constitutively expressing GSA antisense RNA 
(Hofgen et aL, 1994). Transgenic tobacco plants constitu- 
tively silenced for Chl I were shown to have approximately 
40% of the chl content as compared to the control 
(Papenbrock ef a/., 2000). Inducible silencing of Chl I using 
the ale system reduced the chl content in phenotypically 
affected leaves to approximately 3% of that before induc- 
tion, indicating a much stronger effect on Chl I expression 
than that in constitutively silenced plants. It is reasonable to 
assume that in case of constitutive silencing, there is a 
considerable selection against the reduction of Mg-chela- 
tase activity below a certain threshold level, which does not 
support plant growth under autotrophic conditions. Thus, 
in some cases, inducible PTGS using the a/c system is likely 
to provide a valid strategy to obtain a degree of silencing, 
which otherwise prevents the regeneration of viable trans- 
genics. 

Recently, an alternative system to achieve chemical-regu- 
lated inducible gene silencing has been described, which 
takes advantage of 17p-estradiol-inducible recombination 
to trigger the expression of an intron-contatning inverted- 
repeat RNA (CLX system; Guo et aL, 2003). In this case, 
induction of the system leads to permanent activation of 
PTGS mimicking expression from a constitutive promoter. 
However, because of the nature of the inducer, the CLX 
system might not be readily applicable to soil-grown 
plants, and thus its use in physiological studies is limited. 

In summary, the data presented here demonstrate the 
utility of the ale gene system to achieve transient gene 
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silencing by inducible expression of dsRNA constructs. The 
ale system offers an enormous flexibility with respect to 
time point of induction, expression level, spatial control, 
and duration of expression, and Is applicable to a variety of 
plant species. In contrast to other chemically regulated 
systems, ethanol, or alternatively acetaldehyde, is com- 
paratively a benign inducer and exerts only minimal phy- 
siological side-effects in concentrations necessary for 
induction (Junker efa/., 2003). These attributes greatly 
enhance the reproducibility of silencing experiments, 
which is of particular importance in metabolic studies 
requiring a large population of uniformly silenced indivi- 
duals. The system provides a powerful tool to investigate 
molecular and physiological alterations associated with 
repression of a target gene at temporal and spatial resolu- 
tion. Thus, dissection of primary and secondary effects of 
gene silencing should be greatly facilitated, allowing more 
precise predictions of gene function. 

Experimental procedures 



Transgenic plants, growth, and maintenance 

Tobacco plants (A/, tabacum cv. Samsun NN) were obtained from 
Vereinigte Saatzuchten eG (Ebsdorf, Germany) and grown in tis- 
sue culture under a 16-h light/8-h dark regime (irradiance 150 iimol 
quanta m"^ sec"^) at 50% humidity on Murashige and Skoog 
medium (Sigma, St Louis, MO, USA) containing 2% (wA') sucrose. 
Plants in the greenhouse were kept in soil under a light/dark 
regime of 16 h light (25''C) and 8 h (20°C) dark. 

RIasmid construction and plant transformation 

All constructs for plant transformation were cloned into p35S:a/c/?, 
a derivative of pBin19 (Bevan, 1984), carrying the alcH gene from 
A. nidulans between the CaMV 35S promoter and the nos termi- 
nator (Caddick er at,, 1998) using standard procedures (Sambrook 
et al., 1989). Fragments containing portions of the respective 
target gene in sense and antisense orientation separated by an 
intron were initially assembled into a pUC-based vector. To this 
end, the first intron of the gibberellin 20 (GA20) oxidase gene 
from SoJanum tuberosum (kindly provided by S. Biemelt, IPK 
Gatersleben, Germany) was PGR amplified using the primers 
5'-cctgcaggctcgagactagtagatctggtacggaccgtactactcta-3' and 5'-cc- 
tgcagggtcgactctagaggatcccctatataatttaagtggaaaa-3'. The oligonu- 
cleotides were designed to introduce Pst\/Xho\/Spe\/Bgl\\ sites at 
the 5' end and 5amHI/Xbal/Sa/I/Ps/1 sites at the 3' end, into the 
resulting PGR product. The 200-bp intron fragment was inserted 
into a pUCl8 vector devoid of the polylinker site via blunt-end 
ligation resulting in the plasmid pUC-RNAi. A 655-bp fragment of 
the /V. tabacum Chi I gene {GenBank Accession number U67064) 
comprising nucleotides 454-1108 was amplified by PGR from 
tobacco cDNA and inserted as a BamH\/Sal\ fragment in sense 
ortentation downstream of the GA20 intron into pUC-RNAi using 
the before-mentioned restriction sites. The same fragment was 
inserted in antisense orientation into the Bgl\\/Xho\ sites of pUC- 
RNAi already carrying the Chi /sense fragment. Subsequently, the 
entire fragment comprising sense and antisense fragments of Chi I 
interspersed by the potato GA20 oxidase intron was excised from 



pUC-RNAi using the flanking Psrt restriction sites and inserted into 
a pUG-based plasmid between a chimeric aIcA promoter and a nos 
terminator sequence (Caddick era/., 1998). The resulting aJcA 
expression cassette was subsequently inserted into the H/ndlll 
site of p35S:a/c/? yielding the construct alc-dsChl L An 804-bp 
fragment of N. tabacum CSA (Hofgen et al., 1994; GenBank Acces- 
sion number X65974) comprising nucleotides 298-1101 of the 
respective cDNA clone, was amplified by PGR and manipulated 
as described above to form plasmid alc-dsGSA 

To obtain constructs for ethanol-inducible antisense RNA 
expression, the same fragments as used before were linked in 
reverse orientation to the chimeric aIcA promoter, and the entire 
cassette was subsequently ligated into p35S:a/c/? as above. 

Transformation of tobacco plants by Agrobacterium-rc\e6\QXe6 
gene transfer using A tumefaciens strain C58C1:pGV2260 was 
carried out as described previously by Rosahl efa/., (1987). 

Constructs and biomaterials concerning the ethanol-inducible 
system are available for academic research purposes subject to 
satisfactory completion of a material transfer agreement with 
Syngenta. For further information, contact the Licensing Manager, 
Syngenta; Jeallots Hill International Research Center, Bracknell, 
Berkeshire RG42 6EY, UK. 



Ethanol induction 

Plants (42 days old) cultivated in the greenhouse In 2.5-1 pots were 
induced with 100 ml of 1% (v/v) ethanol solution via root drench- 
ing. Normal watering was resumed after application. Samples for 
RNA, chl, and protein analysis were taken at various time points 
indicated in the section under Results. If not otherwise stated, 
young leaves, being approximately 5 cm at the time point of 
induction, were followed over the time course of the experiment. 
For spatial induction, an individual leaf was enclosed in a 
15 cm X 10 cm transparent plastic bag with 3 ml of 4% (v/v) etha- 
nol as described previously by Sweetman ef a/., (2002). The bag 
was removed after 48 h and phenotype development was mon- 
itored by eye. 



RNA analysis 

Total RNA was extracted froni tobacco leaf material as described 
by Logemann et al., (1987), and 30 \ig per sample was separated 
on a 1.5% (wM formaldehyde-agarose gel using conditions 
described by Sambrook et al., (1989). After electrophoresis, RNA 
was transferred to a nitrocellulose membrane (GeneScreen, NEN 
Life Science Products, Boston, USA) and fixed by UV cross-linking. 
Filters were pre-hybridized, hybridized, and washed essentially as 
described by Sweetman ef al., (2002). GSA and Chl I transcripts 
were detected using a random-primed l^^Pl-labeled cDNA frag- 
ment. 



Protein analysis 

Protein extracts were prepared by homogenization of leaf material 
in a buffer containing 25 mM HEPES, pH 7.0, 12 mM MgGl2, 
0.5 mM EDTA, 8 mM DTT, 10 nM PMSF, 0.1% Triton, and 10% 
glycerol. Protein content was determined according to Bradford 
(1976), After heat denaturation, 30 \ig of total protein was sub- 
jected to electrophoresis on a 10% (w/v) SDS-polyacrylamide gel 
and subsequently transferred onto nitrocellulose membrane |Por- 
ablot, Macherey und Nagel, Diiren, Germany). Immunodetection 
was carried out using the ECL kit (Amersham Pharmacia Biotech, 
Freiburg, Germany) according to the manufacturer, using a rabbit 
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anti-GSA primary antibody (kindly provided by Dr Bernhard 
Grimm, Humboldt University, Berlin, Germany) and peroxidase- 
conjugated secondary antibody (Pierce, Rockford, IL USA). 

Chlorophyll determination 

Chlorophyll was measured in ethanol extracts and concentrations 
were determined as described by Lichtenthaler (1987). 
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Abstract Oilseed rape {Brassica napus L.) genotypes 
with no or small petals are thought to have advantages 
in phoiosynthelic activity. The flowers of field-grown 
oilseed rape form a bright-yellow canopy that reflects 
and absorbs nearly 60% of the photosynthetically ac- 
tive radiation (PAR), causing a severe yield penalty. 
Reducing the size of the petals and/or removing the 
reflecting colour will improve the transmission of PAR 
to the leaves and is expected to increase the crop 
productivity. In this study the 'hairpin' RNA-mediated 
(hpRNA) gene silencing technology was implemented 
in Avahidopsis thaliana (L.) Heynh. and B. napus to 
silence B-type MADS-box floral organ identity genes 
in a second-whorl-specific manner. In Arabidopsis, 
silencing of B-type MADS-box genes was obtained by 
expressing B. napus A PET ALAS (BAP3) or PISTIL- 
LATA (BPf) homologous self-complementary hpRNA 
constructs under control of the Arabidopsis A-type 
MADS-box gene APETALAl {API) promoter. In B. 
napus, silencing of the BP! gene family was achieved 
by expressing a similar hpRNA construct as used in 
Arabidopsis under the control of a chimeric promoter 
consisting of a modified petal-specific Arabidopsis APS 
promoter fragment fused to the API promoter. In this 
way, transgenic plants were generated producing male 
fertile flowers in which the petals were converted into 
sepals {Arabidopsis) or into sepaloid petals {B. napus). 
These novel flower phenotypes were stable and heri- 
table in both species. 

Keywords Apetalous ■ Arabidopsis ■ Brassica • Double 
sepaloid • MADS-box • Petal 
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introduction 

Flowers of oilseed rape (Brassica napus) have four well- 
developed bright-yellow petals. During flowering time, 
flowers form a very bright-yellow layer that reflects and 
absorbs solar radiation. As consequence, only 24% of 
the photosynthetically active radiation (PAR) reaches 
the leaf canopy (Chapman et al. 1984), This accelerates 
leaf and bract senescence, reduces dry matter accumu- 
lation, and lowers seed set (Daniels et al. 1986). 

A few strategies to improve the photosynthetic effi- 
ciency of oilseed rape by utilising different apetalous 
variants (Buzza 1983; Jiang and Becker 2003) or the 
stamenoid petal (stap) variant with flowers bearing 
staminoid petals (Fray et al. 1997) have been proposed. 
Physiological analyses have revealed the potential ben- 
efit of such a petalless flower phenotype on B. napus 
yield (Rao et al. 1991; Fray et al. 1995). 

The currently used apetalous genotypes are con- 
trolled either by two recessive genes (Fray et al. 1996) or 
by an interaction of cytoplasmic genes and two pairs of 
nuclear genes (Jiang and Becker 2003). This genetic 
complexity makes it difficult to fully implement the 
apetalous trait into commercial rapeseed varieties. 
Additionally, the apetalous character appears to be 
unstable under field conditions at high temperatures and 
in long days (Rao et al. 1991). The B. napus stap variant 
also possesses poor agronomic attributes, such as 
deformed leaves and poor vigour (Fray et al. 1997). 

A more promising strategy to improve PAR trans- 
mission in oilseed rape would be the use of a single 
dominant gene that converts the bright-yellow petals 
into small non-light reflecting structures such as sepals. 
Such an organ conversion is preferable over the removal 
of the petals to avoid interfering with insect pollination. 
Pierre et al. (1996) have shown that honeybees, the main 
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pollinators on oilseed rape, do not crawl over the an- 
thers and stigma of apetalous flowers as they do in 
petalous ones but often insert their tongxies between the 
sepals to collect the nectar. In this way pollination might 
be reduced, resulting in a lower seed set. 

The molecular mechanisms governing floral organ 
identity are well understood. According to the "A-E" 
model, the organ identity of each floral whorl is deter- 
mined by a unique combination of four organ identity 
activities, called A, B, C and E (Weigel and Meyerowitz 
1994; Pelazet al. 2000; Jack 2001;Thei6en 2001; Fig. 1). 
Expression of the (A)-type genes specifies sepal forma- 
tion. The combination of (A + B + E) activities spec- 
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Fiy. la-d Experimental strategy, a Representation of the basic 
construct used in this study. A DNA fragmeni of a 3'-coding region 
of a B-iype MADS-box gene (yellow box) was sub-cloned as an 
inverted repeal (directions are indicated by arrows) with a part of 
the GUS gene or the intron IV2 from gene ST- LSI (Vancanneyt 
ol d\. 1990) as a spacer {blue box). The constructs were driven by an 
A-iype MADS-box gene promoter (green box), b Transcripts 
produced by the construct are predicted to form a hairpin 
structure, c Domains of the A, B, C and E functions and the 
corresponding organ identities in floral whorls in wild-type plants, 
(1 Domains of the A, B, C and E functions and the corresponding 
organ identities in floral whorls in transgenic plants. In transgenic 
plants, down-regulation of the B-type function in the second whorl 
only leads to development of sepals instead of petals. Numbers 
indicate whorls. Se sepals, Pe petals, St stamens, Ca carpels 



ifies the formation of petals, while combined (B + C + 
E) functions specify stamen formation. Expression of the 
(C + E)-type genes determines the development of 
carpels (Fig. 1). All types of organ identity genes have 
been cloned from Arabidopsis. An example of the A-type 
gene is API (Mandel et al. 1992). The B-type genes are 
APS (Jack et al. 1992) and PI (Goto and Meyerowitz 
1994), and the C-type gene is AGAMOUS {AG) 
(Yanofsky et al. 1990). The E-function is provided by 
three SEPALLATA genes (Pelaz et al. 2000). All these 
genes are transcription factors belonging to the MADS- 
box gene family. 

In this paper, silencing of the B-type MADS-box 
genes in a second-whorl-specific manner was obtained in 
both Arabidopsis and B. napus flowers by expressing a B. 
napus B-type gene hpRNA construct under control of an 
Arabidopsis A-type MADS-box gene promoter (Fig. 1). 
In this way, Arabidopsis lines with double sepaloid 
flowers and B, napus lines with flowers in which petals 
are converted into sepaloid petals were generated. The 
novel flower phenotypes were stable and heritable in 
both species. 



Materials and methods 

Plant material 

Arabidopsis thaliana (L.) Heynh. ecotype C24, kindly provided by 
Dr. M. Van Lijsebetlens (VIB, Gent, Belgium), and the double 
haploid Brassica napus L. line cv. Simon (Bayer Bioscience N.V., 
Gent, Belgium) were used in this study. 



Plasmid construction 

The 3'- coding regions of the BAPS and BPI genes were cloned by 
means of RT-PCR performed on total RNA isolated from B. napus 
flower buds. RT-PCR was performed according to the protocol of 
the Superscript First-Strand Synthesis System for RT-PCR (Invi- 
trogen), AP3 cDNA-specific primers: 

- 5'-CGCACTCAGATTAAGCAGAGGC-3' and 

- 5'-GGAAGGTAATGATGTCAGAGGC-3' 

and PI cDNA-specific primers: 

- 5'-GGGAGAAGATATACAGTCTCTCAAC-3' and 

- 5'-GAATCGGTTGCACTCTATATCC-3' 

were chosen based on the published sequences (Jack el al. 1992, 
GenBank Accession D30807; Goto and Meyerowitz 1994, Gen- 
Bank Accession M86337). In the pAPl::hpBAP3 construct, one of 
the 5/(/'i-specific DNA fragments, 380-bp in length, was cloned as 
a inverted repeal with the ^-glucuronidase (GUS) fragment con- 
taining nucleotides 744-975 as a spacer. In the pAPl::hpBPI con- 
struct, one of the ^fZ-specific fragments. 255-bp in length, was 
cloned as an inverted repeat with the intron IV2 from the potato 
light-inducible tissue-specific gene ST-LSl, 251 -bp in length, as a 
spacer (Vancanneyt et al. 1990). In the pAPl::hpBAP3 and 
pAPl::hpBPI constructs, gene-specific structures were driven by a 
1.182-bp fragment of the API promoter. The fragment of the API 
promoter (-1182 to +1) was cloned by means of PGR from 
pKY65 plasmid kindly provided by Martin Yanofsky. In pAAP3- 
APl::hpBPI fragments of the APS promoter, containing nucleo- 
tides -727 to -556 and -224 to -1 were cloned by PGR based on 



381 



the published sequence (Irish and Yamamolo 1995, GenBank 
Accession U30729) and linked to the 5'-end of the API promoter. 
Phismid constructs were introduced into Agrobacierium tumefac- 
iens strain C58Clrif by electroporation. 

Plcini transformation 

The transformations of A. thaliana and B. napus were essentially 
done us described by Valvekens el al. (1992) and De Block et al. 
( 1989), respectively. 

Cytology 

The embedding was done in Historesin as advised by the manu- 
facturer (Leica, Heidelberg, Germany). Sections 5 )im thick were 
stained with O.OSVo toluidine blue. 



In situ hybridization 

Embedding in methacrylate, sectioning, and the removal of the 
plastic were essentially done as described by Baskin et aL (1992). 
The in situ hybridizations on 7-nm sections were essentially done as 
described by De Block and De Brouwer (1993). 

Microscopy 

Sections were examined with an Axioplan (Zeiss, Jena, Germany) 
microscope equipped with Normaski differentia! interference con- 
trast. 



Spcctrophoiometric determination of chlorophyll 

The total chlorophyll {a + h) content was measured as described 
by Bruisma (1963). 



Results 

General strategy: silencing the B-type MADS-box 
genes in a second floral whorl-specific manner 

To convert petals into sepals without interfering with 
anther development, the strategy outlined in Fig. 1 was 
used. Following the A-E flower development model it is 
expected that silencing of a B-type MADS-box gene, 
APS or PI, in the second whorl will redirect the devel- 
opment of petals into sepals. This could be obtained by 
expressing in the second, but not in the third whorl self- 
complementary *hairpin' RNA (hpRNA) constructs 
containing AP3- and/or P/-specific sequences. Down- 
regulation of the B-type MADS-box genes in the third 
whorl has to be avoided to maintain normal male fer- 
tility. For this purpose an A-type promoter driving the 
expression of the hpRNA construct could be used. 

Starling from the PI and AP3 sequences (Jack et al. 
1992; Goto and Meyerowilz 1994), we identified in the 
amphidiploid B. napus five AP3-\ike (BAPS) and three 
P/AikG, (BPf) genes that were actively expressed during 
flower development (data not shown). Fragments of the 
3'-coding region of the BAPS and BP! genes were 
isolated. The nucleotide sequence similarity between 



members of the same B-type MADS-box gene subfamily 
turned out to be on average 95%. Each B. napus gene 
subfamily shared with its unique Arabidopsis counter- 
part about 91% sequence similarity, containing multiple 
blocks of more than 20 bases of perfect homology. This 
high sequence similarity should be sufficient to silence 
the target genes in both Arabidopsis and B. napus by 
using the same hpRNA constructs (Helliwell and 
Waterhouse 2003). The feasibility of the strategy to 
convert petals into sepals by silencing the B-type 
MADS-box genes only in the second floral whorl was 
first evaluated in the model plant Arabidopsis thaliana. 



Generation of Arabidopsis transgenic lines 
with male fertile double sepaloid flowers 

To make constructs that produce hpRNA B-type 
MADS-box gene transcript, the 3'-coding regions of one 
BAPS and one BPI gene, were subcloned as an inverted 
repeat (see Materials and methods). Both hpBAP3 and 
hpBPI gene-specific sequences were driven by a 1.1 -kb 
promoter fragment of the Arabidopsis API gene. The 
resulting pAPl::hpBAP3 and pAPl::hpBPI constructs 
were introduced separately into Arabidopsis. 

A total of 125 pAPl::hpBAP3 and 56 pAPl::hpBPI 
transgenic lines was generated. All the plants were nor- 
mal in terms of vegetative growth while they had mor- 
phological changes in flower organs. 16.9% of the 
pAPl::hpBPI and 5.6% of the pAPi::hpBAP3 lines 
exhibited the desirable double sepaloid phenotype 
(Fig. 2b). Instead of petals, sepals developed in the 
second floral whorl, indistinguishable from those of the 
first whorl except for their slightly smaller size. Despite 
their transformation, these organs developed in the 
positions and on a time course characteristics of petals. 
Some other pAPl::hpBAP3 To plants had a range of 
phenotypes related to the severity of homeotic trans- 
formations observed in petal and stamen development. 
10.4% of the pAPl::hpBAP3 lines produced flowers 
with short white petals and 20% of the lines had 
homeotic aberrations in stamens ranging from weak 
carpelloidy to complete transformation of stamens into 
carpels (Table 1). In contrast to the pAPl::hpBAP3 
lines, no aberrations in the third floral whorl were ob- 
served in the pAPl::hpBPI transgenic plants (Table 1). 

Microscopic analysis of cross-sections of mature 
pAPl::hpBPI double sepaloid flowers revealed that the 
mesophyll cells of the second-whorl organs were sepal- 
oid in nature, as indicated by the presence of chlorop- 
lasts and their larger size than those normally found in 
wild-type petals. The abaxial epidermis was like that 
of sepals, consisting of stomata and irregularly shaped 
cells (Fig. 2d). The same results were obtained for 
pAPl::hpBAP3 double sepaloid flowers (data not 
shown). 

To confirm that the double sepaloid phenotype of 
Arabidopsis transgenic plants was caused by depletion of 
expression of endogenous B-type homeotic genes in the 
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second whorl, the PI mRNA expression pattern in 
pAPl::hpBPI was examined by in situ hybridization. In 
wild-type Arabidopsis flowers, PI mRNA is detected 



Fig. 2a-f Analysis of the double sepaloid pAPl::hpBPI Arabidop- 
sis thaliana flowers, a C24 Arabidopsis wild-type mature flower, b 
Mature transgenic flower. Second-whorl organs are sepals {arrow) 
that are slightly smaller than the true sepals, c, d Cytological 
transverse sections taken approximately in the middle of anthers of 
flower buds at stage 12. c Cellular morphology of first- and second- 
whorl organs of a wild-type flower. Mesophyll cells of the 
second-whorl petals are smaller than those of sepals developed in 
the first whorl, Abaxial epidermal cells of petals are regular in 
shape, d Cellular morphology of first- and second-whorl organs of 
a transgenic flower. Mesophyll and epidermal cells of the second- 
whorl organs are slightly smaller in size than cells of the first-whor! 
sepals. The shape of the cells of the second-whorl sepals is similar 
to those of the first-whorl sepals. Stomata {arrows) are present in 
the abaxial epidermis of the second-whorl organs as in normal first- 
whorl sepals, e, f In situ analysis of PJ expression in transverse 
sections of wild-type and transgenic flowers. The hybridisation 
signal is confined to the second- and the third-whorl organs in wild- 
type flowers (e). In transgenic flowers (f) PI expression is detected 
in the third-whorl organs only. Numbers indicate whorls. Bars = 
50 ^m (c, d, f), 100 ^m (e) 

from stage 3 (Smyth et aL 1990) in second- third- and 
fourth-whorl primordia. In the second and third whorls 
it persists until anthesis (Goto and Meyerowitz 1994). In 
pAPl::hpBPI double sepaloid flowers the /*/ transcript 
was not detectable in the second-whorl primordia at any 
of the stages examined (Fig. 2f). Expression of PI in 
developing stamens was similar to that observed in the 
wild type. 

As it has been shown that expression of both PI and 
APS genes is reduced when either the PI or APS gene is 
mutated (Jack et al. 1992; Goto and Meyerowitz 1994), 
we anticipated that inhibition of expression of one of the 
B-type MADS-box genes in a tissue where both genes 
are active would lead to reduction of expression of the 
counterpart gene in the same manner. To verify this 
hypothesis, in situ hybridization of the pAPl::hpBPI 
flowers using the 5y4Pi-specific fragment as a probe was 
performed. As was predicted, APS RNA was not de- 
tected in the second whorl of developing organs. How- 
ever, no reduction in the level of the APS mRNA was 
observed in stamens (data not shown), 

Heritability and stability of the double sepaloid trait 
was tested by self-pollination. The trait was heritable and 
in the case of pAPl::hpBPI stable through the Ti and T2 
generations. In the case of pAPl::hpBAP3 some Ti and 
T2 lines produced flowers with homeotic aberrations in 
stamens, as previously observed in the Tq plants. 



In B, napus, silencing of B-type MADS-box genes 
in the second whorl results in the transformation 
of petals into sepaloid petals 

To evaluate whether the expression of the pAPl::hp- 
BAP3 and pAPl::hpBPi genes would also result in a 
double sepaloid phenotype in B. napus, 48 and 53 
transgenic lines, respectively, were generated. 

All the pAPl::hpBAP3 lines had wild-type flowers. 
Among the pAPl::hpBPI transgenic lines, 22.6% 
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Table I Phenotypic analysis of 
To Arahichpsis thoiiana plants 



"Runge of aberrations in 
stamens from mild to complete 
conversion of stamens into 
ca rpels 



Transformed 
constructs 



pAPI;:hpBPI 
pAPl::hpBAP3 



Total number of 
transgenic lines 



Plants with mutant phenotype (%) 



Double sepaloid 
Fertile 



Double sepaloid 
Partially male sterile^ 



56 
125 



16.9 
5.6 



<2 
20 



Short petals 
Fertile 



18.9 
10.4 



exhibited an apetalous or partially apetalous phenotype 
characterised by the appearance of flowers without 
petals or bearing 1, 2 or 3 petals only (Table 2). Fre- 
quently, the petals were significantly smaller and nar- 
rower than those from wild type (data not shown). 
However^ this phenotype was unstable and not heritable. 

The absence of the double sepaloid phenotype in 
transgenic B. napus lines with the same constructs used 
in Avahidopsis could be due to an inability of the Ara- 
bidopsis API promoter to direct transcription of ade- 
quate amounts of double-stranded transcripts necessary 
to trigger silencing of all target BAPS or BPI genes ex- 
pressed in rapeseed flowers. Starting from this hypoth- 
esis, a new construct was generated that could produce 
higher amounts of hpRNA. Because the pAPl::hpBAP3 
B. napus transgenic plants did not exhibit any pheno- 
types different from those of wild-type plants, and in 
Arahichpsis the most stable double sepaloid flower 
phenotype was obtained with the hpBPI construct, we 
continued only with the hpRNA BPI gene. 

To enhance the level of expression of hpBPI specifi- 
cally in the second whorl, an Arabidopsis modified APS 
regulatory fragment was added to the API promoter. 

Discrete c/^-acting elements regulating spatial and 
temporal expression of the Arabidopsis APS gene have 
been identified (Hill et al. 1998; Tilly et al. 1998). Based 
on these data the positive regulator of the APS expres- 
sion during the early stages of flower development was 
combined with the petal-specific regulatory region (see 
Materials and methods). The modified APS promoter 
was introduced in the pAPl:;hpBPl construct directly 
upstream of the API sequence. This pAAP3-APl::hpBPI 
construct was transformed into B. napus. 

Of the 125 primary transformants, 11.2% produced 
flowers with aberrant second-whorl organs. Of these 
11.2% lines, half (5.6%) produced flowers in which 
petals were converted into sepaloid petals (Fig. 3a, Ta- 
ble 2). These organs were yellowish-green, indicating the 
presence of chloroplasts in their cells that is character- 
istic of wild-type sepals. The size of the sepaloid petals 
was comparable to the size of true sepals. These organs 



were narrow and almost strap-like in shape, like sepals, 
but had a small lamina and base, characteristic of a 
petal. In addition the lamina portion was wrinkled 
(Fig. 3a). 

The aberrant B. napus flowers with sepaloid petals 
were analysed microscopically to verify the identity of 
tissues in the second-whorl organs. As shown in Fig. 3c 
the size and the shape of epidermal and mesophyll cells 
of these organs were indistinguishable from the first- 
whorl sepals. Moreover, the mesophyll cells of the 
sepaloid petals contained a large number of chloroplasts 
(Fig. 3d). 

In addition, spectrophotometric analysis of chloro- 
phyll fluorescence, which was done on the first and the 
second floral organs of transgenic plants, revealed that 
chlorophyll content in the sepaloid petals is only 30% 
less than in the true wild-type sepals (data not shown). 

In situ hybridization of flower sections with a BPI- 
specific probe confirmed the absence of a detectable level 
of BPI gene expression in the second whorl of the 
transgenic flowers, indicating that the complete BPI 
gene family was down-regulated (Fig. 3e). 

The other half of the 11.2% transgenic pAAP3- 
APl::hpBPI lines exhibited partial apetalous and apet- 
alous phenotypes similar to those observed in 
pAPl::hpBPI transgenic plants (Table 2). 



The flower phenotype with sepaloid petals is a stable 
trait in B. napus transgenic plants 

The stability of transformation of petals to sepaloid 
petals in B, napus was tested for six lines, of which the 
original Tq plants had flowers with sepaloid petals and 
contained only one copy the pAAP3-APl ::hpBPI trans- 
gene. The To plants were first maintained by selfing. The 
transgenic plants of these Ti generations had flowers 
with sepaloid petals while the azygous segregants had 
normal wild-type flowers. For each line ten transgenic 
plants of the Ti generation were backcrossed with the 
original non-transgenic double haploid B, napus line cv. 



Table 2 Phenotypic analysis 

of To Brasssica napus plants Transformed Total number of Plants with mutant phenotype (%) 

constructs transgenic lines 



Sepaloid petals Apetalous/partially apetalous 



pAPl::hpBAP3 48 
pAPl::hpBPI 53 
pAAP3-APl::hpBPl 125 



0 
0 

5.6 



0 

22.6 
5.6 
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Simon. Depending on whether the T] plant used was 
homo- or heterozygous for the transgene, all or 50% of 
the Fi plants, respectively, had sepaloid petals in their 
flowers. A second backcross was done with 15 plants of 
each line. As expected, in the F2 generations there was a 
I : I segregation of wild-type plants and plants with 
sepaloid petals. The flower phenotype of the transgenic 
F2 plants was identical to those of the To, Tj and Fi 
transgenic plants. 



M 

Fig. 3a— e Analysis of ihe pAAP3-APl ::hpBPl B. napus flowers, a 
Morphological features of Brassica napus flowers: mature wild-type 
flower (/^//), mature flower of a transgenic plant {right). The 
second-whorl organs of a transgenic flower are yellowish-green 
sepaloid petals {arrow). The size of these organs is similar to sepals 
developed in the first whorl, but the lamina-base structure can still 
be distinguished (for comparison see the detached organs in the 
bottom right corner: the second-whorl organ {left), the first-whorl 
organ {right) of a transgenic flower), b-d Cytological transverse 
sections taken approximately in the middle of anthers at the early 
yellow bud stage (Smith and Scarisbrick 1990). b Cellular 
morphology of first- and second-whorl organs of a wild-type 
flower. Mesophyll cells of petals are smaller than those of sepals. 
Epidermal cells of petals are regular in shape, c Cellular 
morphology of the first- and second-whorl organs of a transgenic 
plant. The shape and the size of mesophyll and epidermal cells of 
the second-whorl organs are similar to those of the first-whorl 
sepals, d Cytology of a sepaloid petal showing the presence of 
chloroplasts (two examples indicated by arrows) in the mesophyll 
cells, e, f In situ analysis of BPI expression on transverse sections of 
wild-type and transgenic flowers. The hybridization signal is 
confined to the second- and the third-whorl organs in wild-type 
flowers (e). In transgenic flowers (f) BPI expression is detected in 
the third-whorl organs only. Numbers indicate whorls. Bars = 
20 ^m (d). 100 ^m (b, c), 200 ^m (e, f) 



Discussion 

The hpRNA-mediated gene silencing technology has 
been proven to be a very efficient too! for gene discovery 
and functional genomics in diverse organisms such as 
fungi (Pickford et al. 2002), nematodes (Bargmann 
2001), and animals (Harborth et al. 2001). In plants this 
technology has been used successfully to generate virus 
resistance (Waterhouse et al. 1998) as well as to obtain 
consistent and profound inhibition of the expression of 
transgenes and endogenous genes (Levin et al. 2000; 
Smith at al. 2000; Wesley et al. 2001; Liu et al. 2002). 

Chuang and Meyerowitz (2000) demonstrated that the 
hpRNA-mediated silencing technology could be used to 
interfere with flower development. A range of aberrant 
flower phenotypes was obtained by down-regulating the 
floral organ genes AGAMOUS, CLAVATA3, APET- 
ALAJ, and PERIANTHIA using hpRNA constructs 
driven by the constitutive 35S and nopaline synthase 
promoters. Recently, it has been shown that the hpRNA- 
mediated silencing technique can be used to silence genes 
in an organ-specific way. The fatty acid composition of 
Arabidopsis and cotton seeds was modified by down- 
regulating the seed expression of two fatty acid desatur- 
ase genes using hpRNA constructs driven by seed-specific 
promoters (Liu et al. 2002; Stoutjesdijk et al. 2002). 

In this article we present for the first time to our 
knowledge implementation of the hpRNA-mediated 
technology to silence a multigene family in a floral 
whorl-specific manner. Silencing of the B-type MADS- 
box genes that are present in single copy in Arabidopsis 
but are present in multiple copies in B, napus causes 
complete transformation of petals to sepals in Arabid- 
opsis and partial transformation in B. napus. This flower 
phenotype is stable and heritable in both species. 
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In Arabidopsis, unlike the silencing of the PI gene, 
silencing oflhe APS gene results in homeotic aberrations 
in anthers in 20% of the cases. This implies that in these 
lines partial silencing of the APS gene also occurs in 
developing stamens. These results can be attributed to 
two possibilities. First, in wild-type Arabidopsis flowers 
API is expressed during early floral stages throughout 
all four whorls and is down-regulated in whorls 3 and 4 
by the AG gene during stage 3» persisting in whorls 1 
and 2 only (Mandel et al. 1992; Bowman at al. 1993). 
However, in contrast to the endogenous promoter, the 
snialler API promoter fragment we used might have 
some activity in the central whorls after stage 3 as pro- 
posed by Vun et al. (2002). The activity of the 
pAPl::hpBAP3 gene might have led to down-regulation 
of APS in the third floral whorl. Alternatively, an 
aberrant stamen development in the pAPl ::hpBAP3 
transgenic plants might be the result of the spreading of 
a silencing signal between floral whorls. 

Both hypotheses imply that a certain amount of 
dsRNA of the APS gene present in the third whorl 
of transgenic flowers is sufficient to trigger silencing of 
APS. This is not the case for the PI gene, for which the 
down-regulation did not result in aberrant anther phe- 
notype. PI and APS are both expressed in developing 
petals and stamens. However PI expression levels are 
similar in both whorls, whereas APS expression is lower 
in developing stamens than in petals (Zhou et al. 2002). 
It may be that for this reason a lower threshold con- 
centration of hpRNA is required in stamens to provoke 
a partial inhibition of the APS gene expression. 

Although systemic spreading of silencing may be a 
concern for implementation of the hpRNA-mediated 
silencing technology in tissue-specific applications in 
plants (Wang and Waterhouse 2002), the stability of the 
aberrant flower phenotype throughout development of 
our transgenic plants indicates that at least in the case of 
the B-type MADS-box genes there is no significant 
spreading of silencing between the meristems of adjacent 
floral organs. 

Another phenomenon that might limit application 
of the hpRNA gene silencing technique is spreading of 
RNA targeting. During this process spreading of the 
RNA silencing signal occurs from the initial target 
sequence into the adjacent 5' and 3' regions (Jones 
al al. 1999; Vaistij al al. 2002). This may result in the 
participation of the entire transcribed region of the 
target gene in the RNA silencing process. As a con- 
sequence, expression of other homologous genes can 
be inhibited. Based on this hypothesis and the fact that 
difi'erenl types of MADS-box genes share a high per- 
centage of homology at the MADS-box regions 
(Purugganan et al. 1995), target-site spreading along 
the APS or PI transcribed sequences would led to 
silencing of not only APS and PI but also of other 
MADS-box genes that are expressed in the developing 
second-whorl organs. In this case petals will be con- 
verted not only into sepals but also into organs with 
staminoid and/or carpeloid and/or other aberrant 



structures. The absence of such phenotypes in our 
transgenic plants suggests that silencing of B-type 
MADS-box genes was not associated with the 
spreading of RNA targeting. The absence of the tar- 
get-site spreading process was also observed by Vaistij 
et al. (2002) for the ribulose-l,5-bisphosphate carbox- 
ylase/oxygenase and phytoene desaturase genes. These 
results demonstrate that the hpRNA-mediated gene 
silencing technology can be applied not only to silence 
all genes of a multigene family but also to silence 
specifically a single member of a subfamily or even of 
a multigene family. 

B. napus plants transformed with the improved 
pAAP3-APl::hpBPI construct have small yellowish- 
green sepaloid petals in the second whorl. Although 
mesophyll and epidermal cells of these sepaloid petals are 
sepaloid in morphology, the light-yellow colour suggests 
that some petal-specific biochemical pathways are still 
active in the cells of these organs. In addition, the small 
lamina and base of these organs are petal characteristics. 
It might be that undetectable levels of 5P/ transcripts are 
still sufficient for maintenance of some petaloid features. 

Recently, in Arabidopsis an alternative approach was 
used to interfere with the expression of APS in a second- 
whorl-specific manner (Guan et al. 2002). A zinc finger 
protein designed to bind to a region upstream of APS 
was fused to the human transcriptional repression do- 
main of mSIN3. When the API promoter was used to 
drive the expression of this artificial zinc finger tran- 
scription factor, flowers were obtained that were par- 
tially apetalous or that contained some sepaloid petals. 
Although the use of synthetic transcription factors is a 
promising approach to interfere with gene regulation, 
high expression levels of these transcription factors are 
probably needed to obtain a full phenotype by gene 
repression. Due to technical limitations the use of such 
artificial transcription factors is less feasible when mul- 
tiple genes with redundant function, like the B-type 
MADS-box genes in B. napus, have to be repressed. 

Theoretically, in Arabidopsis a double sepaloid flower 
phenotype may also be obtained by silencing the SEP- 
ALLATA genes in the second whorl (Fig. 1). However, 
due to the redundant function of the SEPALLATA 
genes, all three genes would have to be silenced together 
(Pelaz et al. 2000). 

In conclusion, Arabidopsis and B, napus lines with a 
flower phenotype that is, respectively, double sepaloid or 
has sepaloid petals, and that is male fertile and stable in 
subsequent generations can be obtained by a hpRNA- 
mediated gene silencing of the PISTILLATA gene 
exclusively in the second floral whorl. Further physio- 
logical studies of B. napus transgenic lines will allow 
quantification of the effect of the flower architecture 
with sepaloid petals on the distribution of PAR and on 
other important agronomic features such as pollination 
and overall seed yield. 
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Abstract 



Double-stranded RNA induces sequence-specific inhibition of gene expression at a posttranscriptional level in eukaryotes 
(RNAi). This natural phenomenon has been developed into a tool for studying gene function in several model organisms, including 
Drosophila melanogaster. Transgenes bearing inverted repeats are able to exert an RNAi effect in Drosophila, but cloning difficulties 
and inconsistent silencing complicate the method. We have constructed a transgene containing inverted repeats separated by a 
functional intron such that mRNA produced by the transgene is predicted to form loopless hairpin RNA following splicing. A single 
copy of the transgene effectively and imiformly silences expression of a target gene (white) in transgenic flies. We have developed a 
vector that is designed to produce intron-spliced hairpin RNA corresponding to any Drosophila gene. The vector is under control of 
the upstream activating sequence (UAS) of the yeast transcriptional activator GAL4. The UAS/GAL4 system allows hairpin RNA 
to conditionally silence gene expression in Drosophila in a tissue-specific manner. Moreover, the presence of the intron spacer greatly 
enhances the stability of inverted-repeat sequences in bacteria, facilitating the cloning procedure. 
© 2003 Elsevier Science (USA). All rights reserved. 



1. Introduction 

The sequencing of the Drosophila melanogaster ge- 
nome provides an exceptional opportunity to analyze 
the different functions governed by its genes [1]. Tradi- 
tionally, genes are characterized by loss-of-function 
phenotypes caused by mutations that are induced ran- 
domly by chemical, physical, or insertional mutagenesis. 
The annotated sequence of the Drosophila genome 
enables reverse-genetic approaches to be used on a ge- 
nome-wide scale to generate loss-of-function pheno- 
types. Targeted gene knockouts have recently been 
described in Drosophila [2,3], but this approach is la- 
borious and does not allow for conditional silencing of 
gene expression. 

Recently, RNA interference (RNAi) has been dem- 
onstrated to be an effective reverse- genetic approach to 
generating loss-of-function phenotypes. The presence of 
double-stranded RNA (dsRNA) causes the sequence- 
specific posttranscriptional silencing of a corresponding 
gene in a variety of organisms [4]. Thus, RNAi is used to 
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inactivate genes of interest and provides a powerful tool 
to study gene function. Injection of dsRNA into Dro- 
sophila embryos silences gene activity effectively, but its 
effect is transient and is not inherited in the next gen- 
eration [5,6]. To overcome this problem, methods have 
been developed to express dsRNA stably in transgenic 
Drosophila, Most of these methods employ transgenes 
having an inverted-repeat (IR) configuration, which are 
able to produce dsRNA as extended hairpin RNA [7- 
10]. An alternative method has used a transgene that is 
symmetrically transcribed from opposing promoters 
[11]. A general problem with these methods is that 
transgenic lines often induce a variable RNAi silencing 
effect that exhibits incomplete penetrance and expres- 
sivity. Consequently, the copy nvimber of silencing 
transgenes usually needs to be increased to observe 
uniform and complete gene silencing. Moreover, it is 
often diflficult to make stable recombinant plasmids 
containing IRs in Escherichia coli. Introduction of a 
spacer sequence between the repeats helps stabilize some 
recombinant plasmids, but there are still significant re- 
ported stability problems. 

In this paper, we describe an IR-based transgene 
designed such that the repeats are separated by a func- 
tional intron and thus are defined exons. We report that, 
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in Drosophila^ the transgene is a powerful repressor of 
gene activity in vivo, with one copy of the transgene 
exerting uniformly strong silencing. We further describe 
a modular system combining GAL4-regulated gene ex- 
pression with conditional production of the silencing 
dsRNA to allow systematic RNAi in Drosophila using 
IR exons. With this system, inhibition of gene activity is 
flexibly induced in any spatial or temporal pattern, al- 
lowing for precise disruption of gene function. This 
technique could potentially be a powerful and eco- 
nomical approach to studying gene function in Dro- 
sophila and to manipulating gene function in specific 
tissues of postembryonic individuals. 

2. First-generation transgenic RNAi in Drosophila 

We initially developed a method to express dsRNA as 
extended hairpin-loop RNA [10]. Its design was mod- 
eled on the successful appHcation of hairpin RNAs in 
generating RNAi in plants and the nematode Caenor- 
habditis elegans by expression of transgenes with IR 
sequences. To facilitate cloning of IRs into recombinant 
plasmids, we placed a 5-base nonpalindromic sequence 
centered at the axis of dyad symmetry that was a ^I 
site, GGCCATCTAGGCC (Fig. 1). This allowed us to 
easily ligate gene fragments together in inverted orien- 
tation, and it increased the stabiUty of the IR DNA 
during plasmid replication. Sequence repeats are often 
deleted in E. coli because cruciform intermediates form 
during replication of plasmid DNA and are excised by 
the shcBC gene products. Insertion of nonrepetitive se- 




quence greater than 4 bp in length between IRs inhibits 
cruciform excision during replication [12]. Recombinant 
plasmids were replicated in a recombination-deficient 
strain. No strain is guaranteed to propagate all re- 
combinant clones, but the SURE strain (Stratagene) is 
deficient in recBC sbcBC and eliminates all known re- 
striction systems. Other strains we used were JM103 and 
JM105» which are also mutant for sbcBC. 

To construct an IR transgene, the IR fragment is first 
cloned into a generic high-copy plasmid vector such as 
pBluescript (Stratagene) by directional EcoRl-Xhol 
two-way ligation. Stable recombinants are selected, and 
then the IR fragment is shuttled from pBluescript into 
the Drosophila transformation plasmid vector pUAST 
[13]. We found it more difficult to directly clone IR 
fragments made in vitro into pUAST, which we cir- 
cumvented by shuttling the fragment first through 
pBluescript. On the 5' side of the multicloning site, 
pUAST contains a Drosophila promoter linked to 
GAL4-responsive upstream activating sequence (UAS) 
enhancer repeats and on the 3' side of the multicloning 
site, pUAST contains a polyadenylation signal se- 
quence. Recombinant plasmids are then injected with 
helper plasmid into Drosophila embryos and transfor- 
mant flies are generated by standard P element trans- 
formation [14]. Cloning the IR into a UAS vector 
allowed us to use the modular design of the GAL4/UAS 
system in Drosophila for misexpressing transgenes. 
Many useful lines of Drosophila express the yeast GAL4 
protein in a variety of cells/tissues at various stages of 
the fly Ufe cycle [13]. GAM acts as a sequence-specific 
transcription activator in Drosophila, The GAL4 line is 




UAS-lnverted Repeat 
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Fig. 1 . First-generation transgenic RNAi. Inverted repeats are made by liead-head or tail-tail ligation through a site, which is introduced at one 
end of each repeat. The inverted repeat is placed downstream of the upstream activating sequence (UAS) promoter, and transgenic lines are made. 
When these UAS lines are crossed to GAL4 driver lines, the Fl hcterozygotes contain both GAM and UAS genes [13]. Tissue-specific expression of 
the inverted repeals by GAL4 protein produces hairpin-loop RNA that is competent to induce RNAi in Drosophila. 
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crossed to a target UAS line carrying a single target P 
element inserted at a unique and random position in the 
genome. The target element carries a GAL4-responsive 
UAS enhancer, and progeny that contain both GAL4 
and UAS elements express the IR sequence in cells ex- 
pressing GAL4. Phenotypes due to the presence of 
hairpin-loop RNA in these cells can then be scored di- 
rectly in flies. The RNAi system takes advantage of two 
very useful techniques in Drosophila: P element trans- 
formation and the modular GAL4/UAS system. The 
modular design makes analysis by RNAi flexible since 
hairpin-loop RNA can be produced in any spatial or 
temporal pattern. Moreover, RNAi is conditional, de- 
pendent on the presence of both UAS and GAL4 ele- 
ments in the same individual. Thus, RNAi that might 
induce lethal or sterile phenotypes is conditionally gen- 
erated in selected flies, and stably inherited Drosophila 
lines carrying the UAS element alone can be propagated 
without deleterious RNAi elfect. 

One feature of the target element that was critical for 
the success of this method was that the IR was stable in 
the Drosophila genome. This appears to be the case since 
UAS lines have been maintained in our lab stocks for 2 
years without loss of RNAi potency when crossed with 
GAL4 driver lines. However, two other features of the 
method have proved to be more problematic. First, 
RNAi silencing is frequently variable, with only a frac- 
tion of treated animals exhibiting complete silencing. 
This partial effect is also observed at the level of target 
mRNA abundance in that a pooled population of 
treated animals might exhibit at most a fourfold re- 
duction in mRNA levels. Thus, treated individuals have 
a spectrum of RNAi-induced phenotypes, which makes 
interpretation of gene function somewhat difficult. 
Moreover, there is frequently a variation in the strength 
of RNAi effects between different transformant lines 
carrying the same IR transgene. This is likely due to 
influence of nearby chromosomal modulation of trans- 
gene expression that depends on the point of transgene 
insertion. Since RNAi silencing is not complete, weak or 
strong IR expression translates to a corresponding weak 
or strong silencing effect. A second problem with this 
first-generation RNAi vector has been the variable 
success in cloning IRs from different genes. Some IRs 
are easily cloned even into sbcBC'^ bacterial strains. 
However, some IRs have proved recalcitrant to cloning 
in any strain or any plasmid. To date, we have been 
unable to predict which sequences will produce prob- 
lems when cloned as IRs, This makes transgene pro- 
duction a somewhat empirical trial-by-error process. 

3. Transgenic RNAi with inverted exon repeats 

The problems with the first-generation vector in- 
spired us to devise a new approach to produce hairpin 



RNA in vivo. It was reported that intron-spliced hairpin 
RNA can induce gene silencing in plants more efficiently 
than standard hairpin-loop RNA [15]. In a sense, the 
inverted repeats are structural and functional exons. The 
nonpalindromic intron sequence may also provide sta- 
bility to the DNA construct with inverted repeats in 
bacteria. This led us to test an RNAi construct con- 
taining inverted repeats separated by an intron se- 
quence, from which loopless hairpin dsRNA is predicted 
to be produced following splicing in Drosophila (Fig. 2). 
As a proof-of-principle demonstration of its effective- 
ness, we decided to test the approach on silencing the 
white gene. 

The Drosophila white gene encodes an ABC trans- 
porter involved in localizing pigments to eye pigment 
granules [16]. The white gene was chosen because ex- 
pression can be easily monitored phenotypically by 
changes in eye color. A white'^ eye is dark red in color 
while the eye of a null white mutant is completely white 
in color (Fig. 3). Since cloned variants of white are 
routinely used in Drosophila transformation vectors as 
the selectable marker for transformation of white mu- 
tant flies, we adopted an opposing transformation 
strategy. That is, we constructed a transformation vec- 
tor with a white IR but no independent marker gene for 
selecting transformants. We then transformed white'^ 
flies with the vector and selected transformants that had 
a white loss-of- function phenotype. If an inserted white 
IR transgene successfully silenced its endogenous target 
gene, the transformant would be white-eyed. 

The 74-nucleotide second intron of the white gene 
bears all features of a consensus Drosophila intron, and 
it was found to efficiently splice in Drosophila embryonic 
extracts in vitro [17,18]. Since white is normally not ex- 
pressed in embryos, this result indicates that the intron 
can be spliced in heterologous tissues. Thus, we chose 
the second intron to separate inverted repeats of white 
coding sequence in our model transgene. 

The 629-bp third exon of white was chosen to be the 
inverted sequence in the transgene that would mediate 
the RNAi effect. The third exon was amplified by PCR 
with unique Pstl and EcoKl sites, and it was ligated in 
inverted orientation upstream of a 703-bp fragment 
containing the white second intron and third exon 
(Fig. 2). The tail-to-tail repeat was placed into the 
pGMR transformation vector plasmid [19], pGMR 
drives expression of transgenes specifically in the de- 
veloping and adult compound eye by virtue of the eye- 
specific GMR promoter. This ensured that the white IR 
transgene would be expressed only in the same cells that 
normally express the endogenous target white gene. The 
Drosophila consensus sequence for a 5' splice site is 
AG|GTRAGT, where | designates the splice site and R 
indicates A or G [17]. It is noteworthy that the ligation 
between the two DNA fragments through the Pstl site 
does not change the consensus sequence required for 
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Fig. 2. Scheme for the generation of transgenic RNAi against the Drosophila white gene by intron-spliced hairpin RNA. Inverted repeats corre- 
sponding to the third exon of the white gene and separated by the second intron of the same gene were placed into the pGMR transformation vector. 
A fragment containing the while second intron and third exon was ligated to a fragment containing the inverted white third exon to generate a Pstl 
site at the point of ligation. Note that the Pstl site is coincident with the 5' splice site but does not disrupt sequences necessary for 5' splice site 
function. The Drosophila consensus sequence for a 5' splice site is shown in parentheses, in which / designates the splice site and R indicates A or G. 
The transgene is under transcriptional control of the GMR enhancer, which is exclusively active in the developing and adult retinal tissue that also 
expresses the endogenous white gene. 



5' splice site recognition (Fig. 2). Since we intended to 
induce RNAi on the endogenous Drosophila white gene, 
an Xho\-Nsi\ fragment corresponding to the pGMR 
white marker gene was deleted from pGMR, 

Although we transformed ligation products including 
inverted repeats into the SURE strain (Stratagene) of 
E. coli to maximize the stability of the DNA, the repeals 
were also stable in a DH5a strain, possibly as a result of 
the short white second intron sequence contributing to 
the stability of the inverted-repeat sequences. In con- 
trast, attempts at cloning an IR of the white third exon 
separated by a Sfil spacer into plasmids was repeatedly 
unsuccessful in a variety of host bacterial strains. 

The pGMR-derived plasmid containing the DNA 
fragment for intron-spliced white hairpin RNA was in- 
troduced into the germ line of CantonS flies by P ele- 
ment transformation [14]. From approximately 1500 
injected animals, eight independent transformant lines 
that exhibited a white loss-of-function phenotype were 
established. This transformation frequency is within an 
order of magnitude of the average transformation fre- 



quency using a standard P element vector [14], which 
suggests that white RNAi from the IR transgene acts as 
a reliable marker for transformation. All eight trans- 
formant lines exhibited a yellow to pale-yellow eye color 
phenotype with one copy of the transgene (Fig. 3). 
Moreover, all individual flies from each line exhibited a 
uniform eye color phenotype, indicating strong pene- 
trance and expressivity of the RNAi effect. Only females 
were compared to avoid any effect related to dosage 
compensation of the transgene. No additional or ab- 
normal phenotypes were observed in silenced individu- 
als, indicating that silencing was specific. The effect was 
stably maintained over each adult's lifetime, and si- 
lencing has been maintained over the many generations 
that these lines have so far been kept. Transformant 
adults bearing two copies of the transgene had an eye 
color indistinguishable from that of white null mutants 
(Fig. 3). Levels of white mRNA on a Northern blot were 
reduced in two transformant lines tested compared to 
wild type, to a degree consistent with their eye color 
phenotypes (data not shown). In conclusion, the 
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Fig. 3. Eye color phenotypes of female adults (3-5 days of age) that carry the white intron-hairpin GMR transgene. The top left shows a parental 
CiinlonS (wild-type white) fly. The lower right shows a w^^^^ null mutant for the white gtnt, A P[GMR'whiteIR] transformanl line designated 13D has 
the transgene on the X chromosome of the parental CantonS strain, whereas the 9C. 1 1 F. and 141 lines have the transgene on the third chromosome 
of CantonS. The eye colors of transformants bearing a single copy of the transgene is shown in the top. The bottom shows eye colors of trans- 
formanis bearing two copies of the transgene. 



inverted exon repeat of white effectively silences the ex- 
pression of the endogenous white gene in vivo. 

4. A modular and multipurpose transgenic RNAi vector 

Since the RNAi construct bearing an intron strongly 
inhibited white gene expression, we adapted this method 
to create an all-purpose RNAi vector that employs 
spliced hairpin RNA. The vector is derived from the 
pUAST transformation plasmid. This then offers the 
advantages of the GAL4/UAS modular expression sys- 
tem, as outlined earlier. We constructed the vector 
(pWlZ» for white intron zipper) into which gene frag- 
ments can be subcloned upstream and downstream of 
the 74-nuc!eotide white intron (Fig. 4), The intron is 
flanked by £coRI, BgUl, Notl, Xhol, Spel, and Avrll 
sites on the 5' side and by Nhel, Mlul, and Xbal sites on 
the 3' side. The entire cassette is downstream of the UAS 



enhancer-promoter and upstream of the SV40 tran- 
scription termination site. The Avrll and Nhel sites in 
pWIZ conform to the consensus sequences for 5' and 3' 
splice sites, respectively. Thus, any DNA fragment in- 
serted into the Avrll or Nhel site is fully competent to be 
spliced as an exon. Moreover, the Spel, Avrll, Nhel^ and 
Xbal sites are unique in pWIZ, providing convenient 
cloning sites for gene fragments. 

To construct an IR transgene using pWTZ, a DNA 
fragment corresponding to the gene of interest is in- 
serted twice into pWIZ, with inserts in opposite orien- 
tations on each side of the intron (Fig, 5), The simplest 
means to insert the DNA is as a PGR fragment. The 
system is designed so that a single PGR fragment de- 
rived from only two PGR primers can be inserted on 
each side of the intron. This is because Spel, Avrll, 
Nhel, and Xbal sites are all ligation-compatible with 
each other. Consequently, restriction sites compatible 
with Avrll and Nhel sites should be placed in the PGR 
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Fig. 4. Schematic represenlalion of the pWIZ vector. The pWIZ vector was constructed by placing the 74-bp second intron of the white gene into the 
pUAST transformation vector [13]. The intron is flanked by unique £coRI, BgUl, Notl^ Xhol, Spel^ and AvrW sites on the 5' side and Nhel and Xbal 
sites on the 3' side to facilitate cloning. The sequences at the junction of the 5' and 3' splice sites in the vector are highlighted, and arrows indicate the 
5' and 3' splice sites. The consensus sequences for 5' and 3' splicing are shown in parentheses: /, the splice site; R, purine; Y, pyrimidine; N, any base. 
Below is shown a restriction map of the pWIZ plasmid. 



primers at their 5' ends. The resulting PGR product will 
then have AvrW and A^/iel-compatible ends after ap- 
propriate restriction digestion. The RNAi construct is 
inade by two sequential insertions of the same PGR 
product into the AvrW and Nhel sites of pWIZ (Fig. 5). 
For efficient digestion, we add an extra 4 nucleotides to 
the 5' side of each primer restriction site. The size of 
amplified DNA ranges from 500 to 700 bp. Most im- 
portant, we ensure that the sequence does not contain 
any internal restriction sites used in the PGR primers, 
nor should the fragment have sequences in either sense 
or antisense orientation that match either 5' or 3' con- 
sensus splice sites. This latter aspect is important to 



prevent cryptic splicing from disrupting hairpin RNA 
formation. The PGR product is digested with the ap- 
propriate enzyme and ligated into the Avrll site of 
pWIZ. After a clone with the desired orientation of the 
insert is selected by restriction mapping, the same PGR 
product is ligated into the Nhel site of the pWIZ de- 
rivative, and recombinants with the insert in opposite 
orientation to the first are screened and selected. 

We have made five transgenic RNAi constructs for 
genes under study in our laboratory using the pWIZ 
vector. All of these constructs are stable as inverted re- 
peats in E. coli strains such as SURE cells. Moreover, 
they have been introduced into the Drosophila genome 
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Fig. 5. A typical procedure for making a RNAi construct using the pWIZ vector. A DNA fragment corresponding to a Drosophila target gene is 
amplified by PCR. A restriction site (Spel, Avrll, Nhel, or Xbal) compatible with Avrll and Nhel should be present at the 5' end of each PCR primer. 
The fragment can correspond to part of an exon, a complete exon, or several contiguous exons. Several criteria should be used in choosing the 
fragment: it should be 500 to 700 bp in length, it should not have internal restriction sites corresponding to the PCR primer sites, and it should not 
have sequences in either sence or antisense orientation that match a 5' or 3' consensus splice site. This latter aspect is critical to prevent cryptic splice 
sites from disrupting proper splicing of the hairpin RNA. As shown, an Xbal site is generated at each end of a PCR-amplified exon for cloning the 
PCR product. The PCR product is inserted twice by two ligation steps into the Avrll and Nhel sites of pWIZ. CIP, calf intestinal phosphatase used to 
dcphosphorylate the 5' ends of vector DNA prior to ligation. Recombinants are selected in the desired orientation, such that after the second Ugation 
step, inserts are in opposite orientation on either side of the white intron. IRs that are head-head or tail-tail repeats might be used depending upon 
whether cryptic splice sites are present in the constructs. Transformation follows to generate stable transgenic lines carrying the WIZ gene. Upon 
mating of transgenic animals harboring the WIZ gene with animals carrying tissue- or cell-specific GAL4 drivers, the Fl progeny produce loopless 
hairpin RNA. This induces RNAi against target genes in tissue- and cell-specific patterns. 



by P element transformation, and all constructs trans- 
formed efficiently to give stable lines. 



5. Concluding remarks 

In conclusion, we have developed transgenic RNAi in 
Drosophila that can be applied to many developmental 
and physiological processes. Hairpin RNA produced 
from a transgene composed of inverted repeats can spe- 



cifically silence gene expression in Drosophila, The pres- 
ence of a spacer between the inverted repeats makes for 
easier cloning but is offset by a weaker silencing activity in 
vivo [8,20], In plants, using a functional intron as the 
spacer between inverted repeats strongly enhanced si- 
lencing activity of the RNAi transgene [15]. We have 
shown that using a functional intron as a spacer between 
inverted repeats produces strong and uniform RNAi 
silencing in Drosophila. A similar observation has been 
recently noted in Drosophila when inverted repeats 
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composed of cDNA-genomic DNA hybrids are sepa- 
rated by functional introns [2!]. We have also described a 
muhifiinctional RNAi transformation vector (pWlZ) 
containing an intron spacer that makes RNAi simple to 
perform for the following reasons. A single PCR frag- 
ment of a gene is sufficient to construct a targeting vector; 
the inverted repeat sequence need not have splice sites 
present since they are provided by pWlZ; splice sites are 
preserved when the repeat fragments are inserted; the 
intron spacer provides stability to the inverted repeats 
when the plasmid is replicated in E. coli. Once the vector 
is transformed into Drosophila, it is conditionally quies- 
cent until crossed with GAL4-expressing lines. Many 
useful GAL4-expressing lines are available, making the 
RNAi approach adaptable for most studies oT Drosoph- 
ilcL This method is likely to be very useful for analyzing 
the function of the many Drosophila genes for which no 
loss-of-function mutations are available. Finally, the 
method provides a powerful tool to create loss-of-func- 
tion phenotypes in a manner conditional for particular 
tissues and developmental times. 
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The Cotton ACTIN1 Gene Is Functionally Expressed in 
Fibers and Participates in Fiber Elongation 
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Single-celled cotton fiber {Gossypium hirsutum) provides a unique experimental system to study cell elongation. To 
investigate the role of the actin cytosl^eleton during fiber development, 15 G. hirsutum ACTIN {GhACJ) cDNA clones were 
characterized. RNA gel blot and real-time RT-PGR analysis revealed that GhACT genes are differentially expressed in 
different tissues and can be classified into four groups. One group, represented by GhACTI, is expressed predominantly in 
fiber cells and was studied in detail. A 0.8-kb GhACTI promoter sufficient to confirm its fiber-specific expression was 
identified. RNA interference of GhACTI caused significant reduction of its mRNA and protein levels and disrupted the actin 
cytoskeleton network in fibers. No defined actin network was obsen/ed in these fibers and, consequently, fiber elongation 
was inhibited. Our results suggested that GhACTI plays an important role in fiber elongation but not fiber initiation. 



INTRODUCTION 

Actin cytoskeleton plays an important role in cell morphogenesis 
in plants as demonstrated by pharmacological, biochemical, and 
genetic studies (Kost and Chua, 2002; Mathur and Hulskamp, 

2002) . The actin cytoskeleton may be involved in the trans- 
portation of organelles and vesicles carrying membranes and cell 
wall components to the site of cell growth as in root hairs, 
trichoma cells, and pollen tubes. Therefore, the actin cytoskel- 
eton is essential for cell elongation and tip growth. Disruption of 
the actin cytoskeleton during trichome development by actin- 
interactlng drugs resulted in randomly distorted trichomes with 
unextended branches (Mathur et al., 1999; Szymanski et al., 
1999). Similarly, inhibition of F-actin elongation blocked the 
initiation of polar growth and elongation of root hairs (Miller 
et al., 1999). Furthermore, reduction in actin arrays resulted in 
dramatic reduction of root hair length and caused severe bulges 
in the actin2 (act2) mutant and serious retardation of root growth 
in the act? mutant in Arabidopsis thaiiana (Gilliland et al., 2002, 

2003) . Misexpresslon of the reproductive ACT11 gene in vege- 
tative tissues of Arabidopsis altered morphology of most organs 
in plants because of Its effects on the proportion of different actin 
isovariants (Kandasamy et al., 2002). In polarized elongating cell 
types, such as root hairs and trichomes, it is believed that long 
F-actin cables oriented longitudinally throughout the shank and 
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subapical, and net-axially aligned fine F-actins are essential for 
the intracellular trafficking of organelles and secretory vesicles to 
the growing apical region to deliver new membranous and cell 
wall materials (Mathur et al.. 1999; Miller et al., 1999; Szymanski 
et al., 1 999; Baluskaet al., 2000; Hepler et al.» 2001 ; Chueng et al., 
2002). The unstable dynamic F-actin cytoskeleton also plays 
a role in localized expansion of root hairs and trichome cells 
(Ketelaar et al.. 2003; Mathur, et al. 2003a). 

The actin cytoskeleton controls polar cell growth through its 
interaction with several actin binding proteins, such as actin 
depolarizing factor (Dong et al., 2001; Chen et al., 2002), profilin 
(Clarke et al., 1998), Rho family GTPase (Yang, 1998; Chueng 
et al., 2002; Fu et al., 2002), and the calcium signaling pathway 
(Maiho, 1998; Franklin-Tong, 1999; Li et al., 1999). The effective 
regulation of actin turnover by actin regulators may be critical for 
pollen tube growth (Chen et al., 2002, 2003) and for polar cell 
expansion in cell types otherthan root hair and trichome (Fu et al, 
2002). Recent studies showed genetically that the actin cyto- 
skeleton by interacting with the ARP2/ARP3 complex plays 
a pivotal role in controlling cell shape of trichome cells and 
several other cell types in Arabidopsis (Mathur et al., 2003a, 
2003b). In cotton (Gossypium hirsutum), F-actin has been impli- 
cated in regulating microtubule orientation during fiber develop- 
ment shown by in vitro drug studies (Seagull, 1990). However, the 
role of the actin cytoskeleton in cotton fiber cell development 
remains largely unknown. 

Actins in plants are encoded by a multigene family that 
comprises dozens or even hundreds of actin genes. In Arabi- 
dopsis, the actin gene family contains 10 distinct members, of 
which eight are functional genes and two are pseudogenes 
(McDowell et al., 1996). In other plant species, the actin gene 
family also appears to have dozens of members (Baird and 
Meagher, 1987;Thangavelu etal., 1993; Meagher and Williamson, 
1994). Studies on actin sequences revealed that structural and 
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Figure 1 . Comparison of the Predicted Amino Acid Sequences of Cotton GMCT" Genes. 

Multiple alignment of amino acid sequences of 16 cotton GMC7 genes and yeast /SC^ACTt. Amino acid substitutions are highlighted in black. Arrows 
indicate the positions of the three introns in cotton GftACT* genes. GhACTI to GhACT15 were from this work; GhACT16 Is a putative actin derived from 
a genomic sequence in GenBank (accession number AF059484). 



functional divergence occurred witfiin the gene fannily dur- 
ing evolution {McDowell et al., 1996; Meagher et al., 1999a). 
Members of the actin gene family are divergent and differentially 
expressed during plant development. Arabidopsis contains two 
major actin gene classes: a vegetative class that is expressed 
predominantly In leaves, stems, roots, petals, and sepals and 



a reproductive class that is strongly expressed in pollens, ovules, 
and embryonic tissues (McDowell et aL, 1 996; Kandasamy et al., 
1999). The soybean {Glycine max) actin gene family includes at 
least three divergent classes: jx-, k-, and \-actin. The ^x-actin 
transcripts are differentially accumulated in leaves, roots, and hy- 
pocotyls. The k- and X-actin proteins are preferentially localized 
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Figure 2. Phylogenetic Relationships of Cotton Actins. 

The rooted gene tree shown is based on majority-rule consensus from 500 bootstrap replicates and resulted from heuristic searching in PAUP 4.0, 
based on amino acid sequences of the GMCT genes. Cotton GhACTI to GhACT15 actins were from this work; GhACTIG is a putative actin derived 
from a genomic sequence in GenBank (accession number AF059484); YSCACTI is a yeast actin (accession number L00026) used as an outgroup. 



in roots (f^cLean et al.. 1990). In other plant species, such as rice 
{Oryza sativa) and tobacco {Nicotiana tabacum), actin genes also 
appear to be expressed in a tissue-specific manner (McElroy 
et al.. 1990; Thangavelu et al, 1993). Although actin genes in a 
few plant species such as Arabidopsis have been well charac- 
terized, our knowledge of cotton actin genes, especially its role in 
fiber development, needs to be explored. 

Cotton fibers, as a premier natural fiber and extensively used 
in the textile industry, are derived from epidermal cells of the 
reproductive organ, the ovule. Approximately 30% of the ovule 
epidermal cells elongate and develop into single-celled fibers at 
anthesis. Each fiber is perhaps the longest single cell in higher 
plants. Its elongation rate and the final length attained are far 



above that of common plant cells (Cosgrove, 1997). Fiber de- 
velopment is a highly regulated process involving four sequential 
stages: fiber initiation, primary cell wall formation, secondary cell 
wall formation, and maturation (Basra and Malik, 1 984). Thus, the 
cotton fiber represents a unique experimental system for study- 
ing the control of cell elongation without the complication of 
cell division and multicellular development (Ruan et al., 2001). 
The study on fiber development not only provides the basic 
understanding of cell differentiation and elongation, but also 
identifies potential target genes for genetic manipulation of 
cotton fiber. Here, we reported the identification and character- 
ization of the actin gene family in cotton and explored its role in 
fiber development using RNA interference (RNAi) technology. 
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Table 1. Primers Used in Gene-Specific RT-PCR of GMCT Genes 



Genes Primers 



GhACTI 


5'- 


■CCCTTGAATATTAAATAAATAAAAAAATA-3' 




5'- 


-TTGTGGTCAGTGGGGGTTCAACC-3' 


GhACr2 


5'- 


■TGCCCGGAAGTCCTCTTCCAG-3 ' 




5'- 


-ATTTTCCCAGAAGTTTGACCGCGC-3' 


GhACT3 


5'- 


-CCCTTGAATATTAAATAATAATAAGCAC-3' 




5'- 


-TTGTGCTC AGTG G GG GTTC AACT- 3 ' 


GhACT4 


5'- 


•GGGGGAGCCTTGAATATGAAATTG-3' 




5'- 


•TTGTGCTCAGTGGGGGTTCAACC-3' 


GhACTS 


5'- 


■ATTTTCCCAGAAGTTTGACCGCGC-3' 




5'- 


-TGCCCGGAAGTCCTCTTCCAA-3' 






-TTAAARAAAATATAAf^AAATAAriPATPA-T 




5'- 


-GTATGCCAGTGGTCGGACGACA-3' 


GhACTS 


5'- 


.TTAAAG AAAATATAAG AAAT AAG CATCA-3 ' 




5'- 


-GTATGCCAGTGGTCGGACGCAG-3' 


GhACT9 


5'- 


-ATCTTCAACATAAAAGATCATCCCACT-3' 




5' 


-GATCTATCrTGGCATCACTCAGCA-3' 


GhACTIO 


5'- 


-AACCAGATATTAAATATAATTTCCGTAG-3' 




5'- 


-GGGAAATTGTCCGTGACATGAAG-3' 


GhACrn 


5'' 


-ACAATAGCTATTGACATTAATGTTTGC-3' 




5' 


-TTGTGCTCAGTGGGGGTTCAACT-3' 


GhACTI 2 


5'' 


-AACCAGATATTAAATATAATTTCCGTAG-3' 




5'' 


-GGGAAATTGTCCGTGACATGAAA-3' 


GhACTI 3 


5' 


-CCCTTGAATATTAAATAATAATAAGCAC-3' 




5' 


-TrGTGCTCAGTGGGGGTTCAACC-3' 


GhACT14 


5'- 


-AACCAGATATTAAATATAATTTCCGTAA-3' 




5'' 


-ATTGGAGCTGAGAGATTCCGTTG-3' 


GhACT75 


5' 


-ATCTTCAACATAAAAGATCATCCCACT-3' 




5' 


-GATCTATCTTGGCATCACTCAGCG-3' 


GhUBI 


5' 


-CTGAATCTTCGCTTTCACGTTATC-3' 




5' 


-GGGATGCAAATCTTCGTGAAAAC-3' 



The efficiency of each primer pair was detected using GhACT cDNA 
clones as standard templates, and the RT-PCR data were normalized 
with the relative efficiency of each primer pair. 



RESULTS 

Isolation and Characterization of GhACT cDN As 

To isolate genes involved in cotton fiber development, we have 
randonnly sequenced >300 cDNA clones fronn a fiber cDNA 
library {Li et al., 2002). Clones, including an actin cDNA, likely 
involved in cell elongation were chosen for further study. Using 
the actin cDNA clone as probe, we further isolated 15 unique 
actin cDNAs (designated GMCr genes; accession numbers in 
GenBank. AY305723 to AY305737) from a cotton cDNA library. 
Sequence analysis predicted that all GhACT genes, except 
GhACTB, encode a 377-amino acid polypeptide. The GhACT8 
encodes an actin containing 378 amino acid residues with a G!n 
insertion at position 151 (Figure 1). The GMCT genes share high 
sequence homology at nucleotide level (70 to 97% identity) in the 
coding region and at the amino acid level (93 to 99% identity). 
There is only 1 to 7% substitution rate at amino acid level 
compared with each other (Figure 1). In total, 21 charged 
substitutions occurring at 14 charged positions were present in 
GhACTs. Among them, charged amino acids were exclusively 



substituted with uncharged residues at six locations (Arg/Gly, 
Thr or Gin, Asp/Ala, Glu/Gly, His/Leu, or Lys/Trp) and were only 
substituted by a synonymous charged amino acid at other 
positions. The charged amino acids at residues 6 and 292 were 
substituted by either a charged amino acid or an uncharged 
residue (Figure 1), suggesting that these positions may not be 
important for actin structure. While at residue 1 23, both charged 
and polar uncharged amino acids were present in GhACTs. In 
addition, 11 uncharged amino acids at six positions were 
substituted by a charged residue. Often in this case, Gin was 
substituted by a His and Gly replaced by an Arg. Intriguingty, 
most nonsynonymous substitutions occur only in GhACTI pro- 
tein. For example, positively charged amino acids were 
substituted by a nonpolar, uncharged amino acid at positions 
64 and 103. On the other hand, nonpolar amino acids were 
replaced by positively charged and negatively charged polar 
residues at positions 121 and 253. respectively. At position 213, 
the negatively charged Asp was substituted by a positively 
charged His, suggesting that GhACTI may have a different 
structure and function than other GhACT variants. 

Phylogenetic analysis on amino acid sequences showed that 
the 16 GhACTs available could be divided into nine subgroups 
(Figure 2). Among them, five subgroups contain only a single 
member, and the remaining four subgroups have two to four 
members. Each of GhACTI, GhACT2, GhACTS, GhACTIO, and 
GhACTI 6 forms an independent clade, suggesting that these 
GhACTs diverged early during evolution, whereas GhACT3, 
GhACT5, GhACTS. and GhACTI 2 together form a single branch, 
indicating that divergence of these genes occurred relatively 
late. 

GhACT Genes Are Differentially Expressed in 
Different Organs 

To identify GhACT genes that are preferentially expressed In 
cotton fibers, the expression pattems of 1 5 GMCr cDNA clones 
were analyzed by real-time quantitative SYBR-Green RT-PCR 
using gene-specific primers (Table 1) as described in Methods. 
The cotton polyubiquitin gene (GrtUS/; X.B. Li and W.C. Yang, 
unpublished data) expressed equally in all tissue types with cycle 
threshold (Gt) values at 17.52 ± 0.35 and was chosen as 
a standard control to normalize differences in RNA template 
concentrations. Five out of the fifteen GhACT genes are ex- 
pressed at relatively high levels in fiber cells (Figure 3A). GhACT2 
is expressed at high levels in all tissues compared with other 
GhACTs, and its expression level reaches a relative value of 17 in 
fibers as compared with --5 in other tissue types. For example, 
GhACT2 expression in fibers is '^370-fold higher than GhACT14. 
GhACTI and GhACTS are strongly expressed in fiber and very 
low in leaf, stem, root, and anther, indicating that they are 
preferentially expressed in fiber cells. GhACT4 and GhACT1 1 
also showed s imilar expression patterns as GhA CT1 and 
GhACTS in fiber and were moderately expressed in other tissues, 
whereas the transcripts of other GhACT genes are very low, as 
shown in the small values in the / axis. Overall, GhACTS, 
GhACT9, GhACTIO, and GhACT12 are expressed at least five- 
fold less in fibers compared with GhACTI, GhACT2, GhACT4, 
GhACTS, and GhACT1 1 . By contrast, the expression of GhACT? , 
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Figur© 3. Analyses of Expression of GhACT Genes in 



Cotton Tissues. 
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ChACTd, GhACTU, and GhACT15 is extremely low if compared 
with GhACn, ChACT2, GhACT4, GhACT5, and GhAGT11 . 
Moreover, GhACTG expression is not detectable in all the tissues 
examined. The results of the real-time RT-PCR revealed that 
the actin genes in cotton were differentially expressed, with 
GhACn, GhACT2, GhACT4, GhACTS, and GhACTII being the 
predominant forms in fiber cells {Figure 3A). 

RNA gel blot analysis, using the 3'-untranslated region (UTR) 
of GhACTI as a probe» further demonstrated that GhACTI 
accumulated at high level in fibers and at a relatively lower level 
in ovules. The level of GhACTI transcripts reached the highest 
level during 8 to 14 d postanthesis (DPA) and decreased 
gradually as the ovule developed. At 28 DPA, hardly any 
transcript was detected. No or very little transcripts were 
detected in anthers, petals, leaves, and roots (Figure 3B). A 
moderate level of GhACTI was detected in cotyledons. This 
result further confirmed that the GhACTI gene is preferentially 
expressed, especially in elongation phase in cotton fiber cells. 




B 



BamH I Spe I 



Isolation and Characterization of GhACT Genes 

Five genomic DNA clones, representing GhACTI, GhACT2, and 
GhACTIS (Figure 4A). were isolated from a cotton genomic 
library using GhACTI cDNA as probe. The isolated GhACTI 
gene is ^3.9 kb in length, including 1.6 kb of the 5' promoter 
region, 1.8 kb transcribed region, and 0.5 kb 3' downstream 
sequence. Sequence comparison between cDNA and genomic 
clones revealed that the three GhACT genes all contain four 
exons and three introns (Figure 4A). The three introns are located 
exactly at the same positions in all three genes: between amino 
acid residues 20 and 21, within residue 152, and between 
residues 355 and 356, respectively. The size and position of 
introns in GhACTI and GhACT2 are almost identical (Figure 4A). 
Intron 1 is 545 and 565 bp in length in GhACTI and GhACT2, 
respectively, much longer than intron 2 and intron 3. By contrast, 
intron 1 in GhACTIS is relatively short, with only 109 bp. The 
lengths of introns 2 and 3 are similar in all three genes. These data 
indicate that GhACT gene structure is quite conserved in cotton. 

To determine the actin gene family copy numbers, cotton 
genomic DNA was digested with SamHI, HcoRI, 6coRV, H/ndlll, 
Sad, and Xa/I and subjected to DMA gel blot analysis. There was 
one major band and one to two weak bands when the 0.8-kb 5' 
noncoding region of GhACTI was used as a probe. The major 
band represents GhACTI, and the weaker bands most likely are 
due to cross-hybridization with other members of the actin gene 
family, though the 5' noncoding region was used as probe (Figure 
5A). Furthermore, several bands were detected when using the 
more conserved exon 3 of GhACTI as a probe under highly 



Rgure 4. GhACT Gene Structure, GhACTI ::GUS, and GhACTI RNAi 
Construction. 

(A) Exons are denoted by black boxes. Introns, 5'-flanking region, and 
3'- UTR are denoted by lines. The lengths of the introns in base pairs are 
indicated. The number at the boundaries of each exon indicates the 
codon at which the intron Is located. The translation initiation and 
termination codons are shown, aa, amino acids. 

(B) The length of the GhACTI promoter and cloning sites used for 
GhACTI ::GUS fusion are shown. 

(C) GhACTI RNAi construction. 



stringent conditions (Figure 58). This suggested that there are 
at least four to eight members of the actin family that share a 
highly conserved coding region with GhACTI, and the remains 
may diverge earlier during the evolution of the cotton actin gene 
family. 

The GhACTI ::^'Glucuronidase Fusion Gene Is 
Predominantly Expressed in Cotton Fibers 

To characterize the precise expression pattern of GMCr genes 
in cotton fibers, we chose GhACTI for further study because it 
represents GhACTs that are expressed preferentially in fibers 
(Figure 3A) among the three available genomic sequences. A 0.8- 
kb promoter region of GhACTI was subctoned upstream of the 
^•glucuronidase {GUS) reporter gene in pBIIOI vector, giving 
rise to the GhACT1::GUS gene (Figure 48). The GhACTI:: 
GUS construct was introduced into cotton cultivar Coker312 



Figure 3. (continued). 

(A) Real-time RT-PCR analysis of expression of GhACT genes in cotton tissues. Relative value of GhACT gene expression in cotton tissues, including 
leaf (1), stem (2). cotyledon (3). root (4), anther (5), fiber (6). and petal (7), was shown as percentage of GhUBI expression activity (see Methods). 

(B) RNA gel blot analysis of GhACTI transcripts in cotton. Total RNA (20 jjug/lane) from petal (1), anther (2), leaves (3), cotyledon (4), root (5), ovule (6 to 
10) at 4, 8, 14. 21, and 28 DPA, and fiber (1 1 and 12) at 8 and 14 DPA was fractionated on a 1.2% denaturing agarose gel and transferred onto a nylon 
membrane (see Methods). Top panel, auto radio graph of RNA hybridization; bottom panel, RNA gel before transfer to membrane showing equal loading 
of RNAs. 
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Figure 5. Genomic DNA Gel Blot Analysis of the GhACTI Gene. 

Thirty micrograms of genomic DNA was digested with restriction 
enzymes as indicated and fractionated on a 0.8% agarose gel. DNA 
gel blots were hybridized with ^^p-iatieled GhACTI 5'-region gene- 
speclflc probe (0.8 kb) (A) and "P-labeled GhACTI exon 3 probe (0.6 kb) 
(B). S. eamHI; £, EcoRI; H, H/ndlll; X, Xba!; EV, EcoRV; S, Sad. 



via Agrobacterium fumefec/ens-mediated DNA transformation. 
A total of 230 transformed TO plants from 21 Independent calli 
were obtained and transplanted to soil for seeds. A total of 52 of 
230 TO transgenic plants were examined in detail for GUS 
expression patterns. In all of the 52 transgenic plants examined, 
strong GUS activity was detected only In young fibers (Figures 6A 
to 6E), whereas no or weak GUS staining was observed in ovules, 
anthers, petals, sepals, leaves, and roots, Including their tri- 
chomes (Figures 6F and 6J). In comparison, plants transformed 
with the positive control pBl121 (35S::G(JS) exhibited strong 
GUS activity in all tissues, and the nontransformed plants 
showed no GUS activity in fibers as well as in other tissues 
under the same staining conditions (data not shown). The same 
pattern of GhACT1::GUS expression was further confirmed inTI 
and T2 transgenic plants. In addition, the GhACTI "GUS expres- 
sion was observed at a moderate level in cotyledons of the 
germinating embryos at the first 1 to 2 d, when the root had just 
emerged from the embryo and the two cotyledons had not yet 
unfolded. In 3- to 4-d-old seedlings, moderate GUS activity was 
still observed in the cotyledon tissues (Figure 6G). Hypocotyls 
showed a low level of GUS activity in only one of the 21 
independent transgenic lines examined. GhACTI ::GUS expres- 
sion was not detected in the roots of 3- to 8-d-ofd seedlings. 
Occasionally, weak expression was detected in the root tip in 
one transgenic line. As the seedling grew, GUS activity gradually 
decreased and finally disappeared in the cotyledons (Figures 6H 
and 61). In 2-week-old seedlings, no significant GUS activity in 
the transgenic plants was detected. These results indicated that 
the 0.8-kb GhACTI promoter was sufficient to direct its fiber- 
specific expression and regu!ate its dynamic expression during 
cotton plant development. 

Suppression of GhACTI Expression Dramatically 
Reduces Fiber Elongation 

To study the role of actin cytoskeleton In fiber elongation, we 
chose a GhACTI gene that Is expressed preferentially in fibers 
and less expressed in other tissues or organs (Figure 3A). 
Therefore, it was expected that knockdown of this gene would 



have no or less effect on other tissues. Knockdown approaches 
using RIMAi technology were employed. The 150-bp 3'-terminal 
fragment of GhACTI was constructed in the opposite direction 
with an Intron from a cotton tubulin gene as a spacer (Li et al., 
2002), then subcloned into pBIIOI downstream of its own pro- 
moter (Figure 4C) and introduced into cotton cultivar Coker312 
via Agrobacterium-mediated DNA transfer. Fourteen indepen- 
dent transgenic lines were regenerated. RNA gel blot analysis 
showed that the level of GhACTI mRNAs was reduced signifi- 
cantly down to very low level in fibers of the transgenic plants, 
using GhACTI 3'-UTR fragment as a probe (Figure 7A). To 
understand whether the reduced actin mRNAs also include other 
GhACTgene products, we further analyzed the expression levels 
of all the GhACT genes in fibers from RNAi transgenic plants by 
real-time quantitative SYBR-Green RT-PCR using gene-specific 
primers (Table 1). The results revealed that the expression of the 
GhACTI RNAi resulted in complete GhACTI silence in line T1 
and ---10-fold reduction in lines T2, T3, andT4 (Figure 8). On the 
contrary, Its impact on the expression of other GMCrgenes was 
minor, with —10% reduction (Figure 8). To confirm that the 
reduction in GhACTI mRNA also led to reduction at the actin 
protein level, protein gel blot analysis using actin antibody was 
performed. A strong band was detected in nontransgenic control 
fibers, whereas no or weak signals were detected in the trans- 
genic lines (Figure 7B). This indicated that there was significant 
reduction in the actin proteins (mostly GhACTI) as a result of the 
reduction in GhACTI expression, and the remaining signals in 
the transgenic lines (Figure 78, lanes 2 to 5) likely represented the 
other GhACT proteins expressed in fibers or residual GhACTI. 
These data suggest that GhACTI is one of the dominant and 
functional actin isoforms in fibers. 

All GhACTI RNAi transgenic plants showed a short-fiber 
phenotype (Figure 9) that cosegregated with the kanamycin 
selection marker (data not shown) and the reduction of actin 
protein levels, indicating that the phenotype was a result of the 
actin reduction caused by GhACTI silence. Fiber cells differ- 
entiate and rapidly emerge from the surface of the ovule at 0 to 1 
DPA in wild-type plants (Figure 9A), whereas fibers in transgenic 
plants (Figure 9D) were much shorter. At 2 DPA, fiber cells in 
wild-type plants reached —500 p,m long (Figure 98), whereas 
transgenic fibers were only —150 to 380 jjim in length (Figure 
9E). Fiber length at 3 DPA in most transgenic plants (Figure 9F) 
was equal to fibers at 2 DPA in wild-type cotton (Figure 98) and 
much shorter than fibers at 3 DPA in wild-type plants (Figure 
9C). Measurement of fiber length showed that fiber elongation in 
transgenic plants was —1.5- to 3-fold slower than that in wild- 
type plants (Figure 10), which correlated with the reduction of 
actin protein level (see Figure 78). The results suggest that the 
reduction in total actins, including GhACTI, slowed down fiber 
elongation. Moreover, a portion of the ovules was sterile, and 
bolls in transgenic plants were smaller than those in the wild 
type after maturation, indicating that GhACTI RNAi also slightly 
affected pollination or seed development. However, all the 
transgenic lines were unaffected in vegetative growth and 
flower development. No inhibition on fiber initiation was ob- 
served In the GhACTI transgenic lines, suggesting the GhACTI 
gene is most likely not involved in fiber initiation but plays a role 
in fiber elongation. 
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Figure 6. Histochemical Localization of GUS Activity in Transgenic Cotton Plants Containing the GhACT1::GUS Fusion Genes. 

(A) and (B) Dark-field micrographs of 5-M.ni-thick cross sections of 1 - to 2-DPA ovules. A high level of GUS activity {represented by pink dots) was only 
found in the fiber, and very weak GUS staining was seen in the inner cell layers. No GUS staining was detected In the epidermal atrichoblast and 
integument. 

(C) to (J) Bright field of micrographs or photographs of ovules and other tissues/organs. 

(C) and (D) GUS staining in ovules at 1 (C) and 2 (D) DPA. Strong GUS activity was observed in the fibers. 

(E) A cross section of a transgenic cotton boll at 14 DPA. Strong GUS activity was detected in the developing fibers, and very weak GUS staining was 
seen in embryos. 

(F) A longitudinal section of a transgenic flower bud before anthesis. Weak GUS staining was found in some pollen grains. 

(G) to (I) GUS staining in transgenic seedlings. 

(G) Three-day-old seedling. GUS gene was expressed moderately in the cotyledons. 

(H) Parts of a 7-d-old seedling. Weak GUS expression was found only in cotyledons. 

(I) Parts of a 1 0-d-old seedling, GUS activity was very low in cotyledons, and no GUS expression was detected in other tissues, such as leaf and shoot 
apex. 

(J) No GUS activity was detected in leaf, stem, root, sepal, and petal (from left to right) of transgenic cotton. 
Bars = 80 M-m in (A) and (B), 1 mm in (C) and (D), and 2 mm in (F). 
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Figure 7. RNA Gel Blot and Protein Gel Blot Analyses of GhACTI 
Expression in RNAi Transgenic Fibers of Cotton. 

(A) RNA gel blot analysis. Total RNAs from fibers at 1 0 DPA from a wild- 
type plant (1) and GhACTI RNAi transgenic lines (2 to 5) were fraction- 
ated on 1.2% denaturing agarose gel and transferred to a nylon 
membrane (see Methods). Top panel, autoradiograph of RNA gel blot 
hybridized with ^^P-dCTP-labeled GhACTI probe; bottom panel, auto- 
radiograph of the same RNA gel blot hybridized with ^sp-dCTP-labelod 
18S RNA probe (control) showing equal loading of RNAs. 

(B) Protein gel blot analysis. Total soluble proteins of fibers at 10 DPA 
from a wild-type plant (1) and GhACTI RNAi transgenic lines (2 to 5) were 
separated by electrophoresis in a 12% SDS-PAGE gel. The protein gel 
blot was stained with anti-actin antibody (top panel) and Coomassie blue 
{bottom panel). 



Impact of GhACTI Suppression on the Actin 
Cytoskeleton in Fiber Cells 

To investigate if changes in the actfn cytoskeleton in GhACTI 
RNAi transgenic fibers occurred, we studied actin cytoskeleton 
in fiber cells using rhodamine-phalloidin staining for F-actin. 
During fiber cell elongation in wild-type plants, F-actin exhibited 
a connplicated net-like structure from thin filaments to thick and 
longitudinally extending cables. At the early stage of fiber 
elongation, actin filaments were organized Into arrays parallel to 
the growing axis and extended into the tip of the fiber cells 
(Figure 90). With further elongation of fiber cells, the actin 
cytoskeleton was comprised of relatively thin arrays and thick 
cables along the long axis of the fiber (Figure 9H). The F-actin 
cytoskeleton displayed an increasingly complicated network 
consisting predominantly of thick and longitudinally long cables 
(Figure 91). By contrast, actin filaments in transgenic fibers were 
obviously reduced in the number of filaments, and a more 
random array was observed (Figure 9J). During further de- 
velopment of the fibers, they were less bundled into arrays and 
cables (Figure 9K, compare with Figure 9H) and exhibited 
a defective F-actin organization (Figures 9K and 9L). As a result 
of RNAi of GhACTI expression in transgenic fibers, the devoid 
of the well-organized actin cytoskeleton consequently resulted 
in the reduction in fiber cell elongation, leading to the short- 
fiber phenotype. These data suggested that downregulation of 



the GhACTI gene has an impact on actin cytoskeleton network 
In fiber cells. 



DISCUSSION 

Divergence of the Protein Structure of the GhACTs 

Although plant actins are quite conserved, the divergence on 
protein structures occurred during evolution. In this study, the 1 6 
cotton actins deduced from the isolated GhACT genes have 
diverged into nine subclasses compared with six subclasses in 
Arabidopsis (McDowell et al., 1996). Variation among GhACTs 
occurs more significantly than that found among the Arabidopsis 
actins. Figure 11 shows GhACTI protein structure, indicating 
that those significant substitutions on amino acids among the 
cotton actins may have an impact on their surface properties. 
The 14 positions where charged substitutions took place are 
found among the GhACTs, whereas only nine such positions 
appear among Arabidopsis actins (McDowell et al., 1996). At 
these positions, unlike Arabidopsis actins, only six positions 
were conservative substitutions, and the other positions showed 
nonconservative interchanges, whereas human actins contain 
only conservative substitutions. The nonconservative replace- 
ments of charged residues located on several surfaces of the 
actin molecule (Figure 11) may be involved in functional non- 
equivalency of actin isovariants as actin monomers polymerize 
from G-actin to F-actin and alter actin-actin or actin-actin 
binding protein interaction. For example, the uncharged polar 
Gln51 just adjacent to the DNase I binding loop involved in 
intermonomer interactions within the filament (Holmes et al., 
1990) is replaced by a positively charged His in GhACTS and 
GhACT6. Because actin subdomain 2, in particular the DNase I 
binding Ioop» is directly involved in conformational changes 
(Otterbein et al., 2001), it is likely that this nonsynonymous 
substitution will have an impact on GhACTS and GhACT6 
structure and function. Recent genetic studies in Arabidopsis 
clearly showed that substitutions in AtACT2 have dramatic 
impact on its functions in root hair development (Gilliland et al., 
2002; Ringli et al., 2002; Diet et al, 2004), Missense mutation in 
der1 mutants (Ala183Val In der1-U Arg97His in der1-2, and 
Arg97Cys in der1-3) all caused deformed root hairs. Further- 
more, Glu356Stop in en/2 enhances derl phenotypically (Diet 
et al., 2004), indicating that C-terminal residues are not abso- 
lutely required for its function. On the contrary, the conservative 
substitutions in the N-terminal peptide of Arabidopsis actins may 
affect polymerization and myosin binding (McDowell et al., 1996). 
Either a charged (His or Arg) or an uncharged polar amino acid 
(Gin) at position 123 of cotton actins may suggest that Gin and 
His are functionally interchangeable. Besides the charged sub- 
stitutions, there were four positions where a noncharged Gly was 
substituted by a charged Glu or Arg seen in GhACTI [Giy^sz to 
Glu), GhACT6 (Glyie4 to Arg), GhACTS (Glyisa to Arg), and 
GhACT14 (Gly297 to Glu), respectively. These substitutions are 
not found in Arabidopsis actin genes (McDowell et al., 1996). It 
would be interesting to know whether these nonsynonymous 
substitutions have structural and functional impacts on transition 
from G-actin to F-actin. 




Figure 8. Real-Time RT-PCR Analysts of GhACTI RNAI Expression in Transgenic Fibers. 

Relative value of GhACT gene expression in 8-DPA fibers is shown as a percentage of GhUBl expression activity (see Methods). The GhACTI 
expression was significantly silenced by RNAI in the transgenic fibers, whereas the activities of the other GhACT genes were little affected In fibers of all 
the transgenic lines. Wtl and Wt2, wild-type plants; T1 toT4, transgenic GhACTI RNAi lines. 
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Figure 9. Comparison of Fiber Growth Rate and F-Actin Organization in Fiber Cells between Transgenic GhACTI RNAi and Wild-Type Plants. 

(A) to (F) Scanning electron micrographs of the ovule surface of transgenic GhACTI RNAi and wild-type plants. 
(A) to (C) Ovules of wild-type plants at 1 (A), 2 (B), and 3 (C) DPA. Note the length of fibers increases with time. 

(D) to (H) Ovules of transgenic plants at 1 (D), 2 (E), and 3 (F) DPA. Note the length of fibers is much shorter than that in wild-type plants at the same 
stages. 

(G) to (L) Organization of actin filaments in fiber cells of wild-type and transgenic GhACTI RNAi cotton. 

(G) to (I) Fiber cells of wild-type cotton at 1 (G), 2 (H), and 3 (I) DPA. Actin filaments were organized Into arrays parallel to the growing axis and extended 
into the tip of the fiber cells at 1 DPA (G). Actin filaments were arranged into thin arrays and thick cables along the shank in fiber cells at 2 DPA (H) and 
assumed a more complicated net structure of thick and longitudinally extending cables in >3-DPA fiber cells (I). 
(J) to (L) Fiber cells of transgenic cotton at 1 (J), 2 (K), and 5 (L) DPA. Fewer F-actin cables were present. 
Bars = 5 Jim in (G) and (J) and 10 ^jum in (H), (I). (K), and (L). 



A unique feature of the actin gene family is the position of 
introns that are conserved among actin genes in cotton and other 
plant species (Shah et al., 1983; Baird and Meagher, 1987; Nairn 
et al., 1988; Stranathan et al., 1989; McElroy et al., 1990; 
Meagher and Williamson, 1994; Cox et al., 1995; An et al.. 



1996). In Arabidopsis, actin genes have three small introns at 
identical locations as in GhACT genes except ACT2, in which the 
first intron between codons 20 and 21 is missing (McDowell et al., 
1 996). In GhACTI and GhACT2, the first intron is rather large (545 
and 565 bp, respectively) compared with the second and third 
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Figure 10. Fiber Length of Transgenic GhACTI RNAi and Wild-Type 
Cotton Seeds at 1 and 2 DPA. 

Ovules were sectioned and the length of 30 fiber cells was measured 
under a microscope for each transgenic line and wild type. Data was 
processed with Microsoft Excel. Compared with the wild type, fiber cells 
of transgenic plants are much shorter and are approximately one-half to 
one-third of wild-type fibers. 



introns (91 and 76 bp, respectively). that are more conserved, 
indicating that the first intron is more divergent than intron 2 and 
intron 3. Furthermore, unlike the other known plant actin genes 
studied, GhACTI and GhACT2 share high similarity in the se- 
quences of all three introns, suggesting that both genes may 
have very close evolutionary relationship. 

Nevertheless, the triplet GAG insertion 4 bp upstream the 
second exon-tntron junction in GhACTS challenged the con- 
served intron organization paradigm that the three introns are 
located at the same .positions in all actin genes in the plant 
kingdom (McDowell et al., 1 996). In actin genes examined so far, 
the second intron is always located at amino acid residue 152. 
However, in GhACTS, the second intron was located at amino 
acid residue 1 53 instead of residue 1 52 because of the insertion. 
The functional and evolutionary implications of this insertion 
remain unknown, although GhACTd is expressed at high levels in 
fiber and root. 

GhACTI Is Preferentially Expressed during 
Fiber Development 

In this study, we demonstrated that differential expression of the 
GhACT gene occurs in cotton, as did the members of this actin 
family in several other plant species, such as Arabidopsis 
(McDowell et al., 1996: Meagher et al., 1999b), soybean (McLean 
et al., 1990), tobacco (Thangavelu et al., 1993), and rice (McElroy 
et al., 1990). The differential expression data may imply that the 
specialized functional expressions of actin genes are required for 
proper development of the respective cell and tissue types and 
may reflect the divergent evolution of actin gene regulatory 
elements for expression in plant development. 

The data presented here provide evidence for strong ex- 
pression of some GhACT genes in cotton fibers. The high level 



of GhACT gene expression coincides with the rapid elongation 
of the fiber cell, suggesting that actio cytoskeleton plays an 
essential role in fiber elongation. It seems that specialized 
GhACT genes had been evolved to meet the requirement of 
the actin cytoskeleton for rapid fiber elongation. This is man- 
ifested by the fiber-specific expression of GhACTI, as well as 
GhACT2 and GhACTS. Real-time RT-PCR and RNA gel blot 
analysis showed that the GhACTI transcripts accumulated 
preferentially in developing fibers, whereas only low or undetect- 
able levels of RNAs were found elsewhere. The transcripts of 
GhACTI reach the highest level in young fibers during 8 to 14 
DPA, and then there is a gradual and visible decrease of mRNA 
as the fiber cells developed further. Similarly, genes involved in 
osmoregulation and cell expansion during fiber development are 
also expressed at a high level (Orford and Timmis, 1998; Smart 
et al.. 1998; Ruan et al. 2001). Consistently, GhTua2/3 and 
GhTua4 genes increased in abundance from 10 to 20 DPA, 
whereas GhTual and GhTuaS transcripts were abundant only 
through to 1 4 DPA and dropped significantly at 1 6 DPA with the 
onset of secondary wall synthesis (Whittaker and Triplett, 1 999). 
Our previous study indicated that the GhTUBI gene was 
preferentially expressed in the early stage of fiber development 
(Li et al., 2002). This suggests that strict developmental control 
on genes, such as GhACTI, involved in cell elongation during 
cotton fiber and ovule development had evolved. 

To study the developmental control mechanisms; we isolated 
the GhACTI gene and its promoter. The 0.8-kb 5' upstream 
sequence was cloned upstream the GUS reporter and trans- 
ferred to cotton plants. GUS assay showed that the promoter is 
very active in developing fibers, whereas no or very little activity 
is present In leaf, stem, root, petal, and sepal. It should be 
emphasized that GhACTI was not expressed in leaf, stem, root, 
petal, and sepal trichomas, suggesting that the actin isotype 
encoded by GMCr7 may be specific for fiber growth, rather than 
that of other trichomes. This is consistent with the GhACTI 
expression pattern revealed by real-time RT-PCR and RNA gel 
blot analysis, indicating that the 0.8-kb GhACTI promoter is 
sufficient to drive its tissue-specific expression and contains all 
the c/s regulatory elements for its developmental regulation, as 
for actin genes in Arabidopsis (An etal., 1996; Huang et al., 1996; 
McDowell et al., 1996; Meagher et al., 1999b; Vitale et al.,2003). 
Thus, the 0.8-kb GhACTI promoter can be useful for isolating 
transcriptional factors that recognize the promoter sequence and 
for directing target gene expression in fiber cells. By comparing 
other fiber-specific promoter sequences such as E6, H6, and 
FbL2A (John and Crow, 1992; John and Keller, 1995, 1996; 
Rinehart et al., 1 996), we hope to be able to identify fiber-specific 
c/s elements and trans regulatory factors in the future. 

GhACTI Plays a Major Role in Fiber Elongation 

Fiber cell development, similar to trichome morphogenesis in leaf 
and stem (Mathuret al., 1999), requires the actin cytoskeleton for 
elaborating and maintaining the spatial patterning. During the 
earty stage of fiber elongation, a rapid rate of actin turnover must 
keep pace with the equally rapid rates of fiber growth. The 
downregulation of GhACTI via RNAi technology In the trans- 
genic fibers greatly reduces actin level that consequently affects 
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Figure 11. Significant Amino Acid Substitutions within Cotton GhACT Proteins. 

The nnodel was constructed using the spdbv37sp5 protein stmcture program (SwissModel first approach mode) from the Web site http:// 
swlssmodel.expasy.org/ of the Swiss Institute of Bioinformatlcs. Front (A), right side (B), back (C), and. left side (D) views, respectively, of the space- 
fltling model for cotton GhACTI . The GhACTI structure was built based on the knowm actin three-dimensional structure. Substitutions involving charged 
or strongly polar amino acid interchanges among the 15 cotton actin isoforms (GhACTI to GhACTI 5) are shown in the labeled amino acid residues. 



actin cytoskeleton organization, and as a result, fiber elongation 
is inhibited (Figure 9). This demonstrated that GhACTI plays 
a nnajor role in fiber elongation, although we could not completely 
rule out the contribution of GhACT geries (such as GhACT2 and 
GhACT5), The growth of cotton fiber cells is different from that of 
nnost other plant cells because of its rapid and synchronous tip 
elongation. It has been reported that F-actin plays an innportant 
role in pollen tube growth (Mascarenhas, 1993; Chen et al,, 
2002), in trichome morphogenesis (Mathur et al., 1999). in root 
hair tip growth (Miller et al., 1999), and in cell elongation of other 
cell types (Baluska et al., 2000; Waller et al., 2002; Yamamoto 
and Kiss, 2002). In the tip-growing pollen tube* F-actin arrays are 
very dynamic, changing from large spherical bodies to F-actin 
bundles oriented predominantly parallel to the growth axis 
(Tiwari and Polito, 1988). Similar F-actin arrays were also found 



for root hair growth (Miller et al., 1999) as well as root tip growth 
(Blancaflor and Hasenstein, 1997). However, Arabidopsis act7 
mutants showed remarkably reduced F-actin in the cells of the 
root elongation zone. As a result, mutants displayed a series of 
abnormal phenotypes, such as delayed and less efficient ger- 
mination, increased root twisting and waving, and retarded and 
slowed root growth (Gilliland et al., 2003). The act2-1 insertion 
fully disrupted ACT2 gene expression and significantly de- 
creased the level of total actin protein, resulting in much shorter 
root hairs (Gilliland et al., 2002; Rtngli et al., 2002). Immunocy- 
tochemical analysis revealed only several thin actin bundles in 
the short mutant root hairs, and in the very apex of these stunted 
root hairs, the actin bundles were often looping through the tip or 
showing dense but diffuse fluorescence labeling (Gilliland et al., 
2002). It was believed that actin Isovariants of Arabidopsis have 
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evolved distinct reproductive and vegetative functions and have 
showed functional nonequavalency among each other. Mis- 
expression of the pollen-specific reproductive ACT1 isovariant 
in vegetative tissues altered actin polymerization and F-actin 
organization and thereby dramatically affects plant development 
and morphogenesis (Kandasamy et al., 2002). In cotton fiber, we 
found that the F-actin was organized into short and thin arrays in 
tip orientation at the early stage of fiber development, and with 
further development, F-actIn cytoskeleton displayed an increas- 
ingly complicated net-like structure consisting predominantly of 
thick and longitudinally extending cables in fiber cells. On the 
other hand, when GhACTI isovariant level was reduced signif- 
icantly in the transgenic fiber cells, F-actin bundles were reduced 
with only a few filaments (Figure 9), similar to act? and act2 
mutants. The reduced and defective actin cytoskeleton was 
unable to meet rapid fiber elongation. This suggested that 
F-actin arrays maintained by a significant amount of actins 
(mostly GhACTI) is critical for fiber cell elongation, like in root 
hair and trichome cell types. 

F-actin might transport vesicles toward the cell periphery, 
especially near the polar region during tip growth. When the 
movement of F-actins was blocked, the vesicles could not be 
released in the cell periphery (polar region), resulting in the 
inhibition of the coleoptile cell elongation (Walter and Nick, 1 997; 
Waller et al., 2002). In root hair development of V7c/a sativa, the 
elongating net-axial fine bundles of actin- filaments (FB-actin) 
function in polar growth by targeting and releasing Golgi vesicles 
to the vesicle-rich region of the hair cells. When the elongation of 
FB-actin was blocked by cytochalasin D, the tip growth of root 
hair cells was stopped (Miller et al., 1999). In our study, because 
of suppression of GhACTI expression, the reduction of F-actin 
level in transgenic fibers might have a similar effect on fiber cells. 
With the reduction of actin filaments, the number of organelles 
(such as Golgi body and endoplasmic reticulum) traveling along 
the filaments may decrease significantly in the GhACTI RNAi 
transgenic fiber cells. The significant reduction in vesicles may 
account for the slow elongation of fiber cells in the transgenic 
plants. 

In conclusion, our results provide direct evidence that 
GhACTI, perhaps as well as other GhACT genes (such as 
GhACT2 and GhACTS), is involved in fiber elongation, not fiber 
Initiation. The characterization and expression studies give us 
novel insights into the role of GhACTI in cotton fiber develop- 
ment. Furthermore, the GhACTI promoter provides a useful tool 
to identify transcription regulators confirming its fiber-specific 
expression and to direct potential target genes for fiber quality 
improvement. 



METHODS 
Plant Materials 

Cotton {Gossypium hirsutum cv Coker312) seeds were surface-sterilized 
with 70% ethanol for 30 to 60 s and 1 0% H2O2 for 30 to 60 min, followed 
by washing with sterile water. The sterilized seeds were germinated on 
halt-strength MS medium under a 12-h-lighty'12-h-dark cycle at 28'*C. 
Coiyiedor^s and hypocolyls were cut from sterile seedlings as explants for 
transformation as described before (LI et al., 2002). Tissues for DNA and 



RNA extraction were derived from cotton plants (G. hirsutum cv DP5415 
and Xuzhou142) grown in a greenhouse. 

Construction of Cotton cDNA Libraries 

Total RNA was extracted from young fibers, ovules, anthers, petals, 
leaves, cotyledons, and roots as described previously (LI et al., 2002). 
Poly(A)-*- mRNA was purified from total RNA using an mRNA purification 
kit (Qiagen, Dusseldorf, Germany). cDNA was synthesized and cloned 
Into the EcoH\-Xho\ sites of the ZAP Express vector and packaged using 
a ZAP-cDNA Gigapack Gold III cloning kit (Stratagene, La Jolla, CA) 
according to the manufacturer's instructions. 

Isolation of G/i>%CT cDNAs and RNA Gel Blot Analysis 

More than 300 cDNA clones were randomly selected from the cotton fiber 
cDNA library for sequencing. Sequence analysis identified one actin 
clone. GhACTI. The 380-bp fragment of the 3'-UTR of GhACTI was 
obtained by PGR amplification using primers GMC77-3'L(5'-AG I I I IG- 
TAATTGCi I I iGATGGT-3') immediately downstream the stop codon 
and GhACT1-3'R (5'-AAATCTCGTACAATAATAGCTATT-3') and used as 
a gene-specific probe for RNA gel blot analysis as described previously 
(Lt et al., 2002). Then, a 600-bp fragment representing GhACTI exon 3 
was labeled with [ot-^^pjdCTP and used as a probe to screen a cotton 
cDNA library according to standard procedures {Sambrook et al., 1989). 
cDNA (5 X 10^) clones were screened, and 300 clones were Identified. 
Among them, 60 full-length clones were sequenced and analyzed. In 
total, 15 unique cDNA clones were obtained. 

Sequence and Phylogenetic Analysis 

Nucleotide and amino acid sequences were analyzed using DNAstar 
(DNAstar, Madison, Wl). For phylogenetic analysis, 15 GhACT peptide 
sequences and one putative cotton actin sequence (AF059484) were 
aligned with the ClustalW program (http://www.ebi.ac.uk), then maxi- 
mum parsimony analysis was performed with the PAUP 4.0 program 
(Swofford, 1998) using yeast actin ScACTI as an outgroup. The heuristic 
search methods were applied and the best parsimonious trees were 
retained In each search. 



RT-PCR Analysis 

The expression of the GhACT genes in cotton tissues was analyzed by 
real-time quantitative RT-PCR using the fluorescent Intercalating dye 
SYBR-Green in a LightCycler detection system (Roche, Indianapolis, IN). 
A cotton polyubiquitin gene (GhUBl) was used as a standard control in the 
RT-PCR reactions. A two-step RT-PCR procedure was performed in all 
experiments. First, total RNA samples (2 y^g per reaction) from leaves, 
stems, cotyledons, roots, anthers, petals, and fibers were reversely 
transcribed into cDNAs by AMV reverse transcriptase according to the 
manufacturer's Instructions (Roche). Then, the cDNAs were used as 
templates in real-time PCR reactions with gene-specific primers (T able 1). 
The real-time PCR reaction was performed using the LightCycler- 
FastStart DNA Master SYBR Green I kit (Roche) according to the 
manufacturer's instructions. The amplification of the target genes was 
monitored every cycle by SYBR-Green fluorescence. The Ct, defined as 
the PCR cycle at which a statistically significant increase of reporter 
fluorescence is first detected, is used as a measure for the starting copy 
numbers of the target gene. Relative quantitation of the target GhACT 
expression level was performed using the comparative Ct method (Roche 
LightCycler system). The relative value for expression level of each 
GhACT gene was calculated by the equation Y ^ iQ^ctfa x 100% (ACt is 
the differences of Ct between the control GhUBf products and the target 
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GhACT products; i.e., ACt = CtcAus; - CiGhAci)' To achieve optimal 
amplification, PGR conditions for every primer combination were opti- 
mized for annealing temperature and Mg^"^ concentration as recom- 
mended by the Roche LightCycler system instructions. PGR products 
were confirmed on an agarose gel. The efficiency of each primer pair 
was detected using GhACT cDNAs as standard templates, and the RT- 
PCR data were normalized with the relative efficiency of each primer pair. 

DNA Gel Blot Analysts 

Genomic DNA was isolated from young cotton (G. hirsutum cv DP5415 
and Xuzhou142) leaves using a modified method described earlier (Li 
et a!.. 2002). Genomic DNA was digested with restriction enzymes and 
separated on 0.7% agarose gels and transferred onto Hybond N"^ nylon 
membranes (Amersham Biosciences. Buckinghamshire, UK) by capillary 
blotting. DNA gel blot hybridization was performed at 6&°C overnight 
using ExpressHyb solution (Glontech, Palo Alto, CA) with ^^p.iabeled 
gene-specific DNA probes prepared by the Prime-a-Gene labeling 
system {Promega, Madison, Wl), followed by washing at 68°C in 0.1 X 
SSC and 0.5% SDS for 30 to 60 min. The "p-iabeled membranes were 
exposed to x-ray film at -80*C for 1 to 3 d. 

Isolation of GhACT Genes by Screening Cotton 
Genomic Libraries 

Gotton genomic libraries were constructed as described earlier (Li et al., 
2002). Approximately 2x10^ clones were screened with a [a-^^pj^icTP- 
labeled GhACTI (0.6 kb of exon 3) probe generated by the Prime-a-Gene 
labeling system (Promega). The membranes (Hybond N"*"; Amersham 
Biosciences) were hybridized overnight in ExpressHyb solution (Clontech) 
at followed by washing with 0.1 x SSC and 0.5% SDS. Autoradi- 

ography was performed with x-ray film (Kodak, Rochester, NY), and 
positive clones were purified and sequenced with the ABI Prism 377 DNA 
sequencer (Applied Biosystems, Foster City, CA) according to the 
manufacturer's instructions. 

Construction of the GhACTIiiGUS Chimeric Gene and GhACTI RNAi 

Primers at -816 to -793 bp with an introduced Sail site and from -1 to 
-27 bp before ATG with an introduced Xbal site were used to amplify the 
GhACTI promoter. A 0.8-kb PGR fragment was obtained using pfu DNA 
polymerase (Stratagene, La Jolla. CA) and digested with Sa/I and Xbal, 
then subcloned into the Sal\/Xba\ sites of the pBII 01 vector (Clontech) to 
generate a chimeric GhACTI /.G US gene (named pBI-ACTI-p) (Figure 48). 

To construct GhACTI RNAI vector, the first intron (0.2 kb) of the 
GhTUBI gene (Li et al.. 2002) was amplified by PCR with two introduced 
sites, Xba\ and Spel, using the primer pair TUBint-L, 5'-GGGTCTAGA- 
GACGTAGTTAGAAAGGAAGCCGA-3', and TUBint-R, 5'-GGGACTAG- 
TACGTTCCCATTCCGGAAGCCGTT-3', and inserted into a pBluescript II 
SK+ vector at the sites Xbal and Spel to obtain an intron-containing 
intermediate constmct (pSK-TUBint). The GhACTI 3'-terminal sequence 
(150 bp fragment at 229 to 378 bp downstream the stop codon) was 
cloned into the 5' arm with the introduced sites Sa/nHI/Spel and the 3' 
arm with the introduced sites Xba I/Sac I of the intron in pSK-TUBint vector 
for the sequences encoding the inverted repeat RNA. The constructed 
RNAi of the GhACTI gene was subcloned into the GhACTI/.GUS 
construct at BamH\/Sac\ sites to replace the GUS gene (named pBI- 
TUBint-ACTIi) (Figure 4C). 

Cotton Transformation 

Cotyledon and hypocotyl explants from G. hirsutum cv Coker 312 were 
transformed using Agrobacterium fumefac/ens-mediated transformation 
as described previously (Li et al., 2002). Homozygosity of transgenic 



plants was determined by segregation ratio of the kanamycin selection 
marker and further confirmed by DNA gel blot analysis. 

Histochemical Assay of GUS Gene Expression 

Histochemical assays for GUS activity in transgenic cotton plants were 
conducted according to Jefferson et al. (1987), with slight modification. 
Fresh plant tissues were incubated in 5-bromo-4-chloro-3-indolylglucur- 
onide solution at 37''C for 4 to 8 h and then cleared and fixed by rinsing 
with 100 and 70% ethanol successively. For sectioning, 1 to 3 DPA ovules 
stained in 5-bromo-4-chloro-3-indolylglucuronide solution were fixed 
with 2.5% (v/v) glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2, 
overnight at room temperature, then dehydrated through conventional 
ethanol series, and finally embedded in Historesin (Leica, Wetzlar, 
Germany) according to the manufacturer's instructions. The samples 
were cut into 5- to 7-jim-thick sections using a Leica microtome. The 
sections were examined and photographed under a Leica DMR micro- 
scope equipped with dark-field optics. 

Protein Gel Blot Analysis 

Soluble proteins were extracted from 8 to 10 DPA wild-type and GhACTI 
RNAi transgenic fibers in extraction buffer containing 50 m M Tris-HCI. pH 
8.0, 0.5 mM CaCIa, a-mercaptoethanol, 0.5% Nonidet P-40, 1 jtg/mL 
aprotinlum, 1 (xg/mL leupeptin, and 0.6 ^.UmL PMSF. Protein concen- 
tration was determined by the Bradford method. Equal amounts of 
proteins were separated by electrophoresis in a 12% SDS-PAGE gel and 
transferred onto a nylon membrane by electric transfer (Trans-Blot 
system; Bio-Rad, Hercules, CA) using semidry transfer buffer. The 
membrane was blocked with 5% nonfat milk in PBS buffer containing 
0.05% Tween-20 at room temperature for at least 1 h and then incubated 
with affinity-purified goat polyclonal anti-actin IgG (Santa Cruz Biotech- 
nology, Santa Cruz, CA) for 1 h. After washing in PBS buffer for 30 min, the 
membrane was incubated in PBS containing horseradish peroxidase- 
conjugated rabbit anti-goat IgG (Pierce, Rockford. IL) for 1 h. After 
washing in PBS buffer, the membrane was incubated in SuperSignal 
West Substrate (Pierce) working solution for 5 min and then exposed to 
x-ray film. 

Scanning Electron Microscopy 

For examining fiber initiation and elongation, fresh ovules were dissected 
out and placed on double-sided sticky tape on an aluminum specimen 
holder and frozen immediately in liquid nitrogen. The frozen sample 
was viewed with a JSM-5310LV scanning electron microscope (JEOL, 
Tokyo, Japan). 

Observation of F-Actin Structures In Fiber Cells 

Ovules dissected out from fresh bolls at 1 to 4 DPA, with or without 
malelmidoenzoyl-N-hydroxysuccinlmide ester pretreatment, were fixed 
in a solution of 2% paraformaldehyde in KMCP buffer (70 mM KCI, 1 mM 
MgCl2, 1 mM CaCI^, and 100 mM Pipes, pH 6.5) for 1 h. After rinsing in 
KMCP buffer, the ovules were sectioned into slices of —1 mm thickness. 
Thin sections were transferred to slides and treated with 1 % cellulase 
(Sigma-Aldrich, St. Louis, MO), 0.5% hemicellulase (Sigma-Aldrich), 
0.5% pectinase (Sigma-Aldrich), and 0.1% BSA in KMCP buffer for 
10 min, followed by washing with KMCP buffer. Finally, sections were 
incubated in a solution of 5 p-g/mL Phaltoidin-TRITC (Sigma-Aldrich) in 
KMCP buffer with 0.1% Triton X-100 at room temperature. Excess 
phalloldin was removed by rinsing with the same buffer. Stained ovule 
sections were immediately examined with an LSM510 confocal micro- 
scope (Zeiss, Jena, Germany). 
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Sequence data from this article have been deposited with the EMBU 
GenBank data libraries under accession numbers AY305723 to 
AY305737. 
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Gametophytic self-incompatibility (GSI) systems involving the expression of stylar rlbonucleases have been 
described and extensively studied In many plant families including the Solanaceae, Rosaceae and Scrophu- 
lariaceae. Pollen recognition and rejection is governed in the style by specific ribonucleases called S- 
RNases, but in many self-incompatibility (SI) systems, modifier loci that can modulate the SI response have 
been described at the genetic level. Here, we present at the molecular level, the isolation and characteriza- 
tion of two Solanum c/iacoense homologues of the Nicotiana HT modifier that had been previously shown 
to be necessary for the SI reaction to occur in N.alata {McClure et al., 1999). HT homologues from other 
solanaceous species have also been isolated and a phylogenetic analysis reveals that the HT genes fall Into 
two groups. In S. chacoense, these smalt proteins named ScHT-A and ScHT-B are expressed in the style and 
are developmentally regulated during anthesis identically to the S-RNases as well as following compatible 
and incompatible pollination. To elucidate the precise role of each HT isoform, antisense ScHT-A and RNAi 
ScHT-B lines were generated. Conversion from Si to self-compatibility (SO was only observed in RNAi 
ScHT-B lines with reduced levels of ScHT-B mRIMA. These results confirm the role of the HT modifier In 
solanaceous SI and indicate that only the HT-B isoform is directly involved in SI. 

Keywords: self-incompatibility, S-RIMase, Solanaceae, HT-modifier gene, RNA interference. 



Summary 



Introduction 



Self-incompatibility (SI) constitutes an important mechan- 
ism for preventing inbreeding through specific pollen 
recognition and rejection. In the most widespread type of 
gametophytic self-incompatibility (GSI), the haploid pollen 
is rejected when the S-allele it expresses, matches either of 
the two S-alleles expressed in the sporophytic tissue of the 
pistil. For Solanaceae, the GSI phenotype is specified by a 
highly multiallelic S-locus (de Nettancourt, 1977, 1997) 
whose only known product is a secreted ribonuclease 
(McClure et ai, 1989) expressed in the transmitting tissue 
of the style (Anderson et ai, 1986; Matton etal, 1998) and 
called an S-RNase. Gal n-of -function experiments in SI 
plants have shown that expression of an S-RNase trans- 
gene is sufficient to alter the SI phenotype of the pistil but 



not that of pollen (Lee et al„ 1994; Matton et ai„ 1997; 
Murfett et ai, 1994). Furthermore, transgenic plants made 
to express high levels of S-RNase in pollen did not acquire 
the new phenotype (Dodds et aL, 1999), indicating that the 
pollen S gene (unknown to date) is clearly distinct from the 
S-RNase (Kao and McCubbin, 1996). In orderto determine if 
expression of an active S-RNase is the sole determinant of 
SI in styles, transformation of closely related self-compa- 
tible (SO species with S-RNases were attempted. Trans- 
formation of SC Nicotiana tabacum or plumbaginifolia 
with an S-altele from the SI species N. alata did not result in 
the acquisition of the SI phenotype (Murfett etal., 1996), nor 
did the introgression of a chromosome fragment bearing 
the S-locus from the SI Lycopersicon hirsutum in SC 
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L esculentum (Bernatzky et al., 1995), or the expression of 
an S-RNase from the SI L peruvianum in the SC L escu- 
fentum {Kondo etal., 2002b). Conversely, when an S-allele 
from the SC Petunia hybrida was introduced in SI P. inflata, 
it became functional in rejecting its corresponding self- 
pollen, indicating that factors expressed in the P. inflata 
SI genetic background were needed for the SI reaction to 
occur (Ai et ai, 1991). These results strongly suggest that 
other factors are necessary for the SI reaction to occur. 
Some of these factors that affect the SI response have been 
described in numerous SI systems and often been named 
S-locus inhibitors or modifiers (de Nettancourt, 1977). In 
S. chacoenssr an S-locus inhibitor (Sli) has been mapped to 
the distal end of chromosome 12, but has not been cloned 
yet (Hosaka and Hanneman, 1998a, b). To date, the only 
modifier functionally characterized at the molecular level is 
the HTgene, a stylar-expressed small asparagine-rich pro- 
tein in N.alata (McClure et ai, 1999). The NaHT {Nicotiana 
aiata HT) cDN A was isolated from a differential screen for SI 
stylar-specific transcripts, and antisense Nicotiana HT 
plants became SC, although they still expressed normal 
levels of stylar S-RNases, Recent correlative evidences from 
mRNA expression studies in Lycopersicon species also 
suggest the involvement of the HT modifier in SI (Kondo 
et al., 2002a, b). Here, we describe the characterization of 
HT homologues that are co-ordinately expressed with the 
S-RNases during pistil development in the SI species 
S.chacoense, and show that only the HT-B isoform is 
involved in SI. 



Results 

Isolation of the Solanum HT homologues and sequence 
comparison 

The ScHT'Aj, ScHT-Azsnd S^^-ffA/asecDNAs were isolated 
from a pollinated pistil cDNA library (see Experimental 
procedures section). The ScHT-A^ cDNA codes for a small 
protein of 99 amino acid residues with a highly predicted N- 
terminal signal peptide as determined from the SignalP 
algorithm (Nielsen etaL, 1997). The predicted cleavage site 
for ScHT-Ai is before Arg-25, producing a mature polypep- 
tide of 75 amino acids (8 kDa). The SCHT-A2 cDNA is incom- 
plete in the 5' region, but would comprise all of the mature 
protein (77 residues, 8.3 kDa) as predicted from the ScHT- 
Ai-deduced cleavage site. Both ScHT-Ai and SCHT-A2 pre- 
dicted mature proteins are acidic with pis of 3.98 and 4.11, 
respectively. Amino acid sequence comparison of the pre- 
dicted mature polypeptides indicate that ScHT-Ai and 
SCHT-A2 are 96% identical (93% nucleotide sequence iden- 
tity) and most probably correspond to allelic variants of the 
same gene (see linkage analysis of the ScHT-A isoforms 
below). The ScHT-Bt isoform was obtained by PCR ampli- 



fication with an upstream primer located in the signal 
peptide region and a downstream primer located 3' of 
the predicted stop codon from the N.alata HT and S.cha- 
coense HT-Ai isoforms. The ScHT-Bi mature protein com- 
prises 79 amino acids (MW, 8.7 kDa) with an acidic pi of 
4.67, and is approximately 51% identical (57% similar) at the 
amino acid level to the ScHT-A isoforms. No N-glycosyla- 
tion sites are found on either polypeptides, but six cysteine 
residues that could be involved in disulfide bonding are 
conserved between all HT homologues, except from the 
S. pinnatisectum Bi isoform that lacks one cysteine, and are 
found flanking a striking C-terminal region containing 16- 
20 Asp (D) or Asn (N) residues. In the mature ScHT proteins, 
asparagine and aspartic acid residues account for roughly 
30% of the total amino acids. A sequence alignment of the 
deduced amino acid sequences corresponding to the 
mature protein region of the S.chacoense HT isoforms 
as well as HT homologues from other SI solanaceous 
plants, including L peruvianum, N.alata, S. pinnatisectum, 
S. bulbocastanum and from the SI species S. tuberosum, is 
shown in Figure 1(a). All Solanum and Lycopersicon 
sequences were obtained by PCR amplification with the 
same primer pairs as described for the amplification of 
ScHT-Bu Although all the HT sequences share some spe- 
cific structural features, e.g. a C-terminal Asn/Asp-rich 
region flanked by conserved cysteine residues, they can 
be easily classified in two groups when the amino-terminal 
half of the protein is considered. Based on the CLUSTALX 
alignment, a phylogenetic analysis was performed to deter- 
mine if this preliminary classification would hold true. 
Figure Kb) shows that all the B isoforms fell into a highly 
supported cluster, while more sequence data would be 
needed to determine if the A-type sequences form one or 
more group. Interspecific amino actd sequence identities 
between the predicted mature polypeptides ranges from 76 
to 86% in the A-isoform group, and 36-92% in the B-isoform 
group. The ScHT-Ai and ScHT-Aj (94%). SbHT-Bi and 
SbHT-Bi (98%) and SpHT-Bi and SpHT-Bj (97%) are most 
probably alleles of the same genes in their respective 
species. When the only non-SoIanum sequence is removed 
(NaHT-B), the B-isoform group sequence identity is in the 
range of 77-92%. One surprising feature is the very high 
conservation of the predicted signal peptides between 
species, as determined from the available complete HT 
cDNA sequences {ScHT-A^, NaHT-B, LpHT-A^ and LpHT- 
Bi), ranging from 66 to 100% identity (82-100% similarity), 
when compared to the mature protein sequences (data not 
shown). This intriguing situation is also observed with the 
sporophytic SI (SSI) pollen S gene where the signal pep- 
tides are also far more similar to each other (mean of 77% 
identity and 89% similarity) than the mature protein 
sequences (29% identity and 38% similarity on average) 
when the sequences of five different SSI pollen S genes are 
compared (Schopfer et al., 1999; Takayama eta/., 2000). 
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Rgure 1. Sequence alrgnment (a) and phylogenetic analysis (b) of the deduced mature protein sequences of ScHT-Ay, ScHT-Ai and ScHT-By with related 
sequences from other solanaceous species. 

(a) CLUSTALX alignment was used to produce a phylogenetic analysis of related HT sequences in six solanaceous species. 

(b) A jacknife analysis using Paup 4.08b was used to produce the phylogram which is shown. 



Tissue-specific and developmental regulation of the 
ScHT modifiers 

Tissue-specific expression of ScHT-A and ScHT-B isoforms 
was determined using RNA extracted from different tissues 
of S. chacoense. Since the ScHT-Aj and ScHr-A^cDNAs are 
93% identical at the DNA level, the RNA-gel blot analyses 
nnost probably reflect the expression of both genes, 
although the probe used at all time was ScHT-A-i, Overall 
DNA sequence identity between the ScHT-A and Sc-HT-B 
Isoforms is around 73%, and long stretches of identity 
might also produce cross-hybridization. In order to avoid 
this, an oligonucleotide specific to the B isoform and cor- 
responding to the N-terminal sequence, PSLPLLEA, was 
synthesized. Both ScHT-A and ScH7-fi isoforms are almost 
exclusively expressed in styles with very weak expression 
detected in ovary upon prolonged exposures (data not 
shown). No ScHT-A or B mRNAs could be detected in leaf, 
stem, root, petal, anther, pollen or pollen tube tissues (data 
not shown). This expression pattern is identical to the one 
observed forthe S-RNases (Matton etaL, 1998). Since the S- 
RNase genes are themselves developmentally regulated 
during anthesis (Anderson er a/., 1986; Cornish et at., 
1987), we determined the RNA expression pattern of 
ScHT'A and ScHT-B, and compared with the one obtained 
from S-iA'RNase <Figure2a,b). Both ScHT isoforms and the 
Si4-flA/ase are identically regulated during pistil develop- 
ment and reach a maximum level of expression around 
anthesis day (Figure 2a, b). Figure 2(a,b) also shows that, in 
unpollinated flowers, ScHT-A, ScHT-B and S^A'RNase 
mRNA levels decline from around 2days after anthesis, 
coinciding with a reduced fertilization receptivity. 

In S-RNase-mediated GSI, rejection of the pollen tubes 
mostly occurs in the top half of the style. To determine if 



there could be a correlation with pollen tube arrest and the 
expression levels of genes involved in SI, mRNA levels of 
ScHT-A and S'\4'RNdse were measured in the upper and 
lower halves of styles around peak expression time (Fig- 
ure 2c). Both genes were more strongly expressed in the 
upper half of the style, consistent with the site of most 
pollen tube arrest as determined by aniline blue staining in 
S. chacoense styles (Matton et al., 1999). 

Effect of compatible and incompatible pollination on 
ScHT and S-RNase gene expression 

In many species, pollination (s known to induce deteriora- 
tion and death of the secretory cells in the stigmatic region 
and in the transmitting tissue of the style (Cheung, 1996). 
We have previously shown that some genes that respond to 
pollination, also respond to wounding stress and wound 
hormone treatments, mainly jasmonates (Lantin et ai, 
1999a,b). Wounding, as well as wound hormone treatment 
(JA, ABA, MeJA) and elicitors of defense responses (sal- 
icylic acid, arachidonic acid), had no effect on either ScHT-A 
or S-i^'RNase mRNA levels (data not shown, except for 
wounding in Figure 2d). Expression of these genes thus 
seemed to be exclusively controlled by developmental cues 
during pistil maturation, except for a differential response 
toward the type of pollination. ScHT-A and S-RNases 
responded differentially to a compatible or an incompatible 
pollination. In Figure 2(d), flowers were pollinated with 
either compatible or incompatible pollen and tissues were 
harvested 48 h later. For the wounding treatment, the upper 
part of the style including the stigma was slightly crushed 
with tweezers and tissues were also harvested 48 h later. 
Following a compatible pollination, or wounding, both 
3cHT~A and S^4'RNase mRNA levels declined similar to 
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the developmentally regulated decrease observed in unpol- 
linated flowers (compare Figure 2a,d). An incompatible 
pollination had the opposite effect. The ScHT-A and S14- 
RNase mRNA levels stayed as high as found on anthesis 
day, indicating that the developmentally programmed 
decrease In S-RNase and ScHT mRNA levels could be 
reversed, at least transiently, following an incompatible 
pollination. 

Polymorphism of the HT modifiers and linkage to the 
S-locus 

Using the ScHT-A^ cDNA insert as a probe, an Fi population 
from a parental cross {SiiSi2 x S13S14) was tested for poly- 
morphism and linkage to the S-locus. A fraction of the Fi 
progeny tested is shown In Figure 3. The S-RNase genotype 
of the progeny had been determined previously (Rivard 
era/., 1994) and was confirmed by PGR analyses with allele- 
specific primers (data not shown). The ScHT-A gene is high- 
ly polymorphic as four different RFLPs could be detected in 
these plants. Although four different S-alleles also segregat- 
ed in this population, the ScHT-A alleles were completely un- 
linked to the S-locus, as any combination of ScHT-A alleles 
could be found with all four S-RNases in this population. 
The same population was re-probed with the ScHT-BcDNA. 
TwonewRFLPsspecifictotheBformwereobserved (data not 
shown). Although cross-hybridization does occur between 
the ScHT-A and ScHT-B cDNA probes (data not shown), no 
single RFLP coutd be linked with the S~RNase gene. 
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Rgure 2. RNA expression analysis of ScHTtranscript levels In styles. 

(a) Developnnental expression pattern of ScHT-A and S^^-RNase mRNA 
levels in unpollinated pistil tissues. ScHT-A and Si4-RNase transcript levels 
were determined by RNA-gel blot analysis of unpollinated pistil tissues. 
3 days before anthesis (-3) to 2 days (+2) after anthesis. Ten micrograms of 
total style RNA from each developmental stage was probed with the ScHT- 
A% cDNA insert, stripped and re-probed with the Sy^-f^Nase cONA insert, 

(b) Developmental expression pattern of ScHT-B mRNA levels in unpolli- 
nated pistil tissues. Same conditions as in (a), except that an identical RNA- 
gel blot was probed with the ScHT-By specific oligonucleotide. 

(c) Differential expression of ScHT-A and Si4-RNase transcript levels in 
upper and lower part of the style. ScHT-A and 5i4-/7A/ase transcript levels 
were determined by RNA-gel blot analysis in upper and lower halves of 
styles collected 2 (-2) and 1 day (-1) before anthesis. Conditions same as in 
(a). 

(d) Effect of compatible and incompatible pollination on ScHT-A and Sm- 
RNase transcript levels. ScHT-A and S^^-RNase transcript levels were de- 
termined by RNA-gel blot analysis in unpollinated styles at anthesis day (0), 
in styles collected 48h after a fully compatible (SuSu x S13S14) pollination 



Two-hybrid analysis of ScHT and S-RNase protein 
interaction 

A few putative roles have been proposed for the N. alata HT 
protein (McClure etal., 1999). Recently It was shown that S- 
RNases, in both compatible or incompatible interactions, 
are taken up by pollen tubes, but the entry mechanism is 
still unknown (Luu etal., 2000). One possibility is that other 
stylar factors involved in SI, such as the HT protein, could 
accompany or interact directly with the S-RNases as they 
are being transported into the growing pollen tubes. Since 
HT proteins from either S.chacoense or N, alata are fairly 
acidic proteins with pi around 4, and since S-RNases are 
basic proteins (Si4-RNase mature protein, predicted pi is 
9.12), ScHT proteins could interact directly with S-RIMases, 
albeit not in a sequence-specific manner, as determined by 
the linkage analysis (Figure 3). Another possibility would be 
that the HT proteins could interact with the pollen tubes and 



Figure 2. continued 

(48/C), in styles collected 48 h after a fully incompatible (S13S14 x S^aSi^} 
pollination (48^) and in styles collected 48 h after wounding (48/W). Condi- 
tions same as in (a). To ascertain equal loading conditions, all RNA-gel blots 
were stripped and re-probed with an 188 ribosomal cDNA probe from 
5. chacoense. 
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Figure 3. DNA-get blot analysis of ScHT-A and linkage analysis with the S- 
locus. 

Left panels: genomic DNA (lOpg)from S. chacoense loaves isolated from an 
Fi population (SnSi^x SisSu) segregating for four 5-alleles was digested 
with H/ndlll and probed with the 5cHr->)}CDNA Insert (upper panel). Identrtical 
DNA-gel blots had been previously probed with the corresponding S-RNase 
cDNAs to determine the genotype of the plants (labeled on top of each lane) 
and tested by crossing. One S-atlele hybridization is shown for the S^4-RNa$e 
(lower panel). Molecular sizes of the fragments appear on the right. 
Right panel: schematic drawing of the banding pattern of the four ScHT-A 
alleles. 



facilitate S-RNase uptake. To test if the HT protein can 
interact directly with the S-RNase, the ScHT-Ai and 
ScHT-Bi cDNAs were PGR amplified with or without the 
putative signal peptide, and inserted in frame downstream 
of the yeast GAL4 DNA-binding domain in the pBDGAL4 
vector. Since the linkage analysis (Figure 3) showed that all 
combinations of ScHTs and S-/?A/ases could be found in the 
segregating population, this strongly suggested that no 
allele-specific interactions would be expected. Thus, a sin- 
gle S-RNase gene was used to test putative protein-protein 
interactions between the ScHT and S-RNase protein pro- 
ducts. A modified Sn-flA/asethat was previously produced 
by site-directed mutagenesis was fused to the yeast GAL4 
activating domain in the pADGAL4 vector. Because of their 
intrinsic ribonuclease activity, the Sn-RNase used in the 
two-hybrid analysis was mutagenized to remove one his- 
tidine residue involved in the active site of the enzyme (C3 
domain) and replaced with a leucine, thus abolishing the 
ribonuclease activity that could have prevented proper 
growth in yeast cells. No direct interaction could be 
detected between the ScHT-A protein, with or without 
the predicted signal peptide, or the ScHT-B protein without 
the predicted signal peptide and the modified Si i-RNase, as 
no yeast growth could be observed on histidine-depleted 
media (data not shown). 

Molecular characterization of the antisense 
Solanum HT-A plants 

To determine if the function of the ScHTgenes is conserved 
in solanaceous species other than N.alata, antisense HT-A 
plants were produced. The ScHT-A^ cDNA was inserted in 
the antisense orientation downstream of the CaMV 35S 
promoter with doubled enhancer in the pBINIS vector and 
flanked by the nopaline synthase terminator. S. chacoense 
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Rgure 4. RNA expression analysis of ScHT transcript levels in styles of 
ScHT-A antisense transgenic plants and genetic cross results. 
ScHT-A and ScHT-Stranscript levels were determined by RNA-gel blot ana- 
lysis of unpollinated styles at anthesis day from 27 antisense ScHT-A't trans- 
genic plants. Control plant (C) is the untransformed host (genotype Si2Si4K All 
crosses were done on at least 10 flowers with pollen from a fully compatible 
plant (genotype SnSi3) or a fully incompatible plant (genotype S12S14K Ten 
micrograms of total style RNA from each plant was probed with the ScHT-Ai 
cDNA insert and the ScHT-B^ specific oligonucleotide. Equal loading con- 
ditions were verified with an 18S ribosomal cDNA probe from S. chacoense. 



plants of S12S14 genotype were transformed with Agrobac- 
terium tumefaciens LBA4404 strain containing the ScHT-Ay 
antisense construct. Twenty-seven primary transformants 
were selected. Because ScHT-A and ScHT-B share 73% 
nucleotide sequence identity, and since stretches of perfect 
identity are found between these two sequences, some 
antisense lines for ScHT-A might also be suppressed in 
ScHT-fimRNA accumulation. Figure 4 shows RNA-gel blots 
of these 27 transgenic plants probed with either the ScHT- 
Ay complete cDNA or the Sci^T-By specific oligonucleotide, 
and the results of the genetic crosses with either compatible 
or incompatible pollen are shown below. In some antisense 
lines where ScHT-A mRNA accumulation had been sup- 
pressed, ScHT-8 levels were also affected, albeit to a lesser 
extent (AS plant #4 and 9). Although numerous plants 
showed strong reduction in ScHT-A mRNA levels (plants 
#3-5, 9, 29), none set seeds upon self-pollination, 

Moiecular characterization of the RNAi 
Solanum HT-B plants 

Because antisense S. chacoense HT-A plants did not be- 
come SC, even with an almost 15-fold reduction in ScHT-A 
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Figure 5. RNA expression analysis of ScHT transcript levels in styles of 
ScHT-B RNAi transgenic plants and genetic cross results. 

(a) ScHT-A and ScHT-B transcript levels were determined by RNA-gel blot 
analysis of unpollinated styles at anthesis day from 16 RNAI ScHT-B^ 
transgenic plants. Control plant (C) is the untransformed host (genotype 
S12S14), Ten micrograms of total style RNA from each plant was probed with 
the ScHT-A-, cDNA insert and the ScHT-B^ specific oligonucleotide. Equal 
loading conditions were verified with an 18S ribosomal cONA probe from 
5. chacoense. 

(b) Genetic cross results with pollen from SI or SC plants. All crosses were 
done on at least 10 flowers per plant on anthesis day, with pollen from a fully 
compatible plant (genotype SnSia) or a fully incompatible plant (genotype 
S12S14). The plus {•¥) sign indicates a fully compatible pollination: crosses 
were successful and seed set occurred in more that 90% of the pollinated 
flowers. The minus (-) sign indicates a fully incompatible pollination: no 
crosses were successful and no seed set occurred. For intermediate phe- 
notypes, the number of successful pollination leading to seed set per flower 
pollinated is indicated. 

(c) Genetic cross results with pollen from a SI plant after repeated pollination 
(multiple pollination). Same as in (b) except that the flowers were repeatedly 
pollinated with pollen from a fully SI parent (genotype S12S14). Pollination 
was done on anthesis day, and then after 24, 48 and 72 h. 



transcripts {ScHT-A AS plant #9, as deternnined by densito- 
metric scans), and since correlative evidences showing 
weak or complete loss of expression of HT-B honnologues, 
but not of HT-A homologues in some SC Lycopersicon 
Species, have been recently obtained <Kondo et ai, 
2002a, b), we also decided to target the ScHT-B gene 
through an RNA interference (RNAi) strategy. The ScHT- 
Bi cDNA was inserted first in the sense orientation down- 
stream of the CaMV 353 promoter, followed by a 327-bp 
spacer, and by the ScHT-Bj cDNA again, but in the anti- 
sense orientation. This RNAi construct was then inserted in 
the A. tumefaciens LBA4404 strain and used to transform 
S. chacoense plants of the S12S14 genotype. Sixteen primary 
transformants were initially selected. All ScHT-B RNAi lines 
were cross-pollinated with pollen from fully compatible 



(S11S13) or fully incompatible (S12S14) genotypes. Two 
plants (#2 and #3) sired seeds upon self-pollination (pollen 
from genotype S12S14), and could be scored as partially or 
semi-compatible (Figure 5b). ScHT-A and ScHT-B mRNA 
levels were then determined in mature flowers at anthesis. 
Figure 5a shows an RNA-gel blot of all the transgenic plants 
probed with either the ScHT-A-, complete cDNA or the 
ScHT-Si-specific oligonucleotide, and the results of the 
genetic crosses with either compatible or incompatible 
pollen (Figure 5b). Unlike the ScHT-A antisense experiment 
(Figure 4), the RNA interference strategy specifically tar- 
geted the ScHT-B transcript as no significant variation in 
the ScHT-A mRNA levels could be observed (Figure 5a). 
Only the transgenic plants with the most reduced ScHT-B 
mRNA level became partially SC (plants #2 and 3), suggest- 
ing that a threshold level of ScHT-S is necessary to maintain 
the SI phenotype, and that only the HT-B isoform is 
involved in GSI. 

The ScHT-B gene affects flower longevity and stylar 
abscission following an incompatible pollination 

One intriguing observation, following an incompatible pol- 
lination, was that flowers of ScHT-B RNAi plants that had 
lower levels of ScHT-B transcripts, stayed much longer on 
the plant than control or transgenic plants not affected in 
ScH7"-S mRNA levels (plants #4, 7, 9 and 15). Under normal 
conditions, abscission of unpollinated flowers in S,cha- 
coense occurs approximately 5 days after anthesis (Fig- 
ures, unpollinated G4). After a compatible pollination, 
ovary swelling is clearly detectable 3 days after pollination 
and stylar abscission occurs approximately 4 days after 
pollination (Figure 6, V22 x G4). Following an incompatible 
pollination, abscission is delayed by an average of 24 h 
when compared to unpollinated flowers (Figures, 
G4 X G4). In ScHT-S-suppressed lines, flower abscission 
was further delayed and only occurred after an 8-9-day 
period following initial pollination (data not shown). This 
extended flower longevity phenotype caused by a lower 
than normal ScHT-B mRNA level prompted us to re-exam- 
ine pollination behaviour with SI pollen under a multiple 
pollination scheme. In this experiment, ScHT-S transgenic 
plants and untransformed control plants were pollinated on 
anthesis day, and then on the following 3 days with similar 
pollen load. Fruit formation was then monitored from day 6 
to 12 after pollination. As a control, the transformation host 
genotype was also repeatedly pollinated. Even after multi- 
ple pollination, the untransformed plant (control) and the 
transgenic plants not affected in ScH7-6 levels (plants #4, 7, 
9 and 15) never sired seeds, indicating that multiple polli- 
nation alone, even over a 72-h period, was not sufficient to 
bypass the SI recognition and rejection system (Figure 5c). 
For the remaining 12 transgenic plants with altered level 
of ScHT-B mRNA, a total of nine plants were scored as 
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Figure 6. Pistil morphologv of ScH7-S transgenic and control plants after SI and SC pollination. 

Floral and stylar abscission was monitored, from one day after anthesis or from one day after pollination for control plants, and for three transgenic plants (T-2, 
T-5 and T-10) until day 10. In all cases, pollination was performed with pollen from the G4 line (genotype S12S14I. Five flowers per plant and per day (except for the 
V22 X G4 cross) were hand pollinated on consecutive days and, for the remaining flowers, dissected at the end of the time-course. Only the remaining floral parts 
at the end of the time-course are displayed. ND, not determined. Once, single pollination. Repeated, consecutive pollination on day 0-2 and if possible on day 3, 
depending on the corolla closure. 



semi-compatible (plants #2, 5, 6, 8, 10-13 and 16) upon 
repeated pollination with fully incompatible pollen (geno- 
type S'j2Si4). Floral and stylar abscission were also mon- 
itored, from one day after anthesis or from one day after 
pollination for control plants and three transgenic plants 
(T-2, T-5 and T-10) that showed a SC behaviour following 
self-pollination. Five flowers per plant and per day were 
hand pollinated on consecutive days in order to collect all 
samples on the same day (except for the unpollinated 
control plant and the fully compatible cross V22 x G4), As 
such, with the remaining flowers at the end of the 10-day 
period, the whole time-course was displayed. Pistil mor- 
phology for these plants is shown in Figures. Transgenic 
plants, T-2, T-5 and T-10, clearly showed an increased stylar 
longevity, with turgid styles that appeared receptive to 
pollination until day 7 or 8, after pollination. Furthermore, 
stylar abscission from the developing fruit was also 
delayed, with some styles still attached even after withering 
(Figures, plants T-2 and T-5 on day 9 and 10; plant T-10 on 
day 9). When compared to a fully compatible cross 
(V22 X G4), fruit formation was also delayed in self-polli- 
nated T-2, T-5 and T-10 transgenic plants. These results 



confirm the involvement of the ScHT-B gene in SI and 
suggest that it might act through an increased flower 
receptivity period. 

Discussion 

Mechanisms underlying the breakdown of GSI have been 
recently reviewed and grouped in three broad categories 
(Stone, 2002). First, loss of SI occurs following the duplica- 
tion of the SIocus and the presence of heterozygous pollen 
(heteroallelic for the 5-locus) (Golz et ai, 2000). Secondly, 
mutations affecting either the expression of the S-RNase or 
its activity also lead to a SC phenotype (Royo et ai, 1994). 
Thirdly, mutations not affecting the enzymatic activity of 
the S-RNase have also been described at the genetic level 
and include many so-called modifier loci. Numerous 
experiments have demonstrated that although the S-RNase 
is responsible for pollen recognition and rejection in the 
style (Lee era/., 1994;Manon etaL, 1997;Matton etai. 1999; 
Murfett et al, 1994), other stylar factors are also necessary 
for the proper expression of the SI phenotype {Ai ef ai, 
1991; Bernatzky et at., 1995; Kondo er a/., 2002b; Murfett 
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etaL, 1996), Such factors, often considered as modifier loci, 
are present in the genetic bacl<ground of SI plants, unlinked 
to the S-locus, and have often been lost in SC relatives of SI 
species. Connplementation phenomena of the genetic back- 
ground have been described in Lhirsutum where the Fi 
population from two independent SC accessions were all 
SC, while SI offsprings could be recovered in the F2 gen- 
eration from these Fi plants, strengthening the multigenic 
nature of the gametophytic SI (Ricks and Chetelat 1991). 
One such candidate for a modifier gene is the N. alata HT 
gene (McClure et al., 1999). The NaHT gene was cloned 
based on a differential screen between stylar expressed 
mRNAs from SC N. plumbaginifolia and an SC accession of 
N, alata that is defective in S-RNase expression but that is 
competent to express SI (Murfett et al., 1996). Anti-sense 
A/aHT plants with reduced level of the HT protein but with 
normal levels of S-RNases were either fully or partially SC 
(McClure etal., 1999). This strongly suggests thatthe NaHT 
gene is a good candidate for such a modifier factor neces- 
sary for the SI reaction to occur. In the present study, we 
have characterized A/aHT homologues from four different 
Solanum species, and have focussed our attention on the 
putative function of the S.chacoense HT homologues 
{ScHT-A and ScHT-B) in GSI. 

Phylogenetic analyses of the isolated NaHT homologues 
clearly demonstrated that two different HT isoforms exist 
and that isoform B is probably the most closely related to 
the NaHT gene. All the HT proteins shared some common 
features. Firstly, a highly conserved N-terminal region that 
is strongly predicted to be a signal peptide. The sequence 
conservation was high enough to originally derive PCR 
primer pairs from only the NaHT and ScHT-A'i sequences, 
and amplify both HT isoforms from numerous Solanum 
(this study) and Lycopersicon species (Kondo et al., 
2002a, b). Secondly, all HT homologues possess a C-term- 
inal region composed of consecutive stretches of aspara- 
gine and aspartic acid residues, flanked by conserved 
cysteines probably involved in disulfide bridges. Although 
sequence identity is quite variable, ranging from 36 to 92% 
in the B-isoform group (77-92% when only Solanum 
sequences are considered), the overall structure conserva- 
tion combined with identical expression pattern would 
suggest that the ScHT-B isoform and the NaHT protein 
are probably true orthologues. Both ScHT-A, ScHT-B and 
NaHT are almost exclusively stylar-expressed as for the S- 
RNases, and all are developmentally regulated during pistil 
maturation (this study and McClure et al., 1999). Interest- 
ingly, we found higher expression levels of both ScHTand 
S'RNase genes in the upper style region (Figure 2c), con- 
sistent with the pattern of pollen tube arrests that occurs in 
the top half of the style in S. c/iacoense <Matton era/., 1999). 
The developmental regulation of S-RNase transcripts accu- 
mulation enables the production of selfed progeny in some 
GSI species when using very young flower buds (bud- 



pollination), but is very difficult to achieve in S. chacoense. 
One reason could be the elevated level of both S-RNase and 
HT transcripts, even 2 days before anthesis, and detectable 
3 days before anthesis, combined with a preferential upper 
style accumulation. One intriguing observation was the 
differential expression pattern of both S-HNase and HT 
transcripts following an incompatible pollination compared 
to an unpollinated or a compatibly pollinated flower (Fig- 
ure 2d). As the flower ages, S-RNase and H7" transcript 
levels decreases markedly, but low expression levels coin- 
cide with reduced fertilization receptivity, and eventually, 
flower abscission. Surprisingly, S-RNase and ScH7-yA tran- 
script levels do not decrease following an incompatible 
pollination (for at least 2 days after pollination. Figure 2d), 
and this cannot be the result of only stigmatic and transmit- 
ting tissue deterioration and death, since this is also 
induced by a compatible pollination. Furthermore, mechan- 
ical wounding or wound hormone treatments had no effect 
on S-RNase and ScHT-A transcript levels. This strongly 
suggests that the presence of dead pollen tubes or mole- 
cules liberated from the arrested pollen tubes, either 
increase the transcription of these genes, or reduce their 
mRNA turnovers, ensuring that the S-RNases and HT pro- 
teins are still present in sufficient amount to reject newly 
incoming pollen from incompatible genotypes. The main- 
tenance of high steady-state levels of S-RNases and ScHT 
mRNAs following an initial incompatible pollination, would 
also lead to a prolonged reproductive barrier, an important 
issue since flower senescence is retarded following an 
incompatible pollination (Figures, G4xG4). 

In order to determine the role of the ScHT genes in SI, 
functional analysis of ScHT-A and ScHT-B protein-protein 
interactions with an S-RNase were tested in the yeast two- 
hybrid system, and transgenic plants with strongly sup- 
pressed levels of both isoforms were generated. Although 
ScHT-A and ScHT-B deduced mature proteins have acidic 
pis and the S-RNase is basic (predicted pi = 9.25 for S^- 
RNase mature protein], no direct interactions based either 
on specific or electrostatic attractions could be detected in 
the two-hybrid system, as no yeast growth could be 
observed, with or without the predicted signal peptide. 
Such direct interaction had also not been detected with 
the purified HT protein from N. alata, although in that case, 
the NaHT protein appeared to be unstable in stylar extracts 
<McClure etal., 1999). Both results suggest that HT proteins 
and S-RNases do not interact directly. 

Recently, correlative evidences for the involvement of the 
NaHT homologues in Lycopersicon species have been 
obtained (Kondo et aL, 2002a, b). In the three Lycopersicon 
SI species tested, all expressed functional S-RNases as well 
as HT-A and HT-B mRNAs. In the seven Lycopersicon SC 
species tested, no or low stylar ribonuclease activity was 
observed. This alone would most probably be sufficient 
to explain their SC phenotype, since a threshold level of 
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S-RNase expression is necessary to confer an SI phenotype 
(Lee er a/., 1994; Matton et a/., 1997). Intriguingly, in the 
seven Lycopersicon SC species tested, transcription of the 
HT-B isofornn was either weakly or not detected at all, and 
the HT-B isoform produced had internal stop codons, while 
the HT-A isofornn was strongly expressed at the mRNA 
level, although some SC species also produced defective 
(frame-shifted) HT-A transcripts. Apart from the N.alata 
transgenic antisense lines, no other functional analysis had 
been made priortothe one presented here. In N. alata, plants 
with reduced levels of the NaHT protein were either fully or 
partially SC, suggesting that the amount of NaHT protein is 
important (McClure era/., 1999). In the present study, anti- 
sense ScHT-A and RNAi ScHT-B plants were generated. 
Figure4 showed that even with a 15-fofd decrease in ScHT- 
A mRNA levels, ScHT-A AS plant #9 remained SI. ScHT-B 
mRNA levels in that transgenic line were also affected, al- 
though to a lesser extent. This could suggest that a threshold 
level of ScHT'B ts sufficient to maintain an SI phenotype. In 
a second series of experiments, ScHT-B suppression was 
achieved through an RNAi strategy. Unlike the antisense 
plants, the ScHT-B RNAi plants were only affected in ScHT- 
SmRNA expression (Figure 5). Plants with severely reduced 
ScH7-B transcripts became SC and sired seeds upon polli- 
nation with pollen from an incompatible genotype. RNAi 
plant #2 had the most severely reduced ScHT-B mRNA 
levels and consistently set seeds upon self-pollination. 
RNAi plant #3 had a less stable phenotype, and only sired 
seeds occasionally. Although at first only two plants became 
partially SC upon selfing, all the transgenic plants with 
reduced ScHT-B mRNA levels also showed an extended, 
albeit slightly variable, floral longevity upon pollination 
with incompatible pollen. This observation led to the hypo- 
thesis that the ScHT-B gene could be involved in modulat- 
ing the receptivity period of the flower, perhaps through a 
control over the abscission of the floral organs. This 
Increase in floral longevity, and in particular in stylar tur- 
gescence and receptivity might partially explain the SC 
phenotype since it could increase the chances of pollen 
tubes to reach the ovary. To test this, repeated pollination 
were performed on 3-4 consecutive days, on the 16 RNAi 
ScHT-fi transgenic plants and control plants. None of the 
ScHT'B transgenic plants unaffected In ScHT-B mRNA 
expression, or the untransformed control plant, had an 
extended floral longevity and none were fertilized upon 
selfing. Of the remaining 12 transgenic plants expressing 
reduced levels of ScHT-B mRNA, nine were able to sire 
seeds. Fruits formed on these plants were smaller than the 
ones obtained from a compatible cross, and after 10 days, 
were comparable in size with fruits produced from a com- 
patible pollination after 6 days (Figure 6, compare the fruits 
from plants T-2, T-5 and T-10 with the ones from the 
\/22 X G4 cross). These results are entirely consistent with 
our hypothesis that reduced level of ScHT-B mRNA affects 



the receptivity period of the flower and that the SC pheno- 
type observed in ScHT-i5 transgenic plants does not result 
only from the developmentally regulated decrease in both 
S-RNase and ScHT-B mRNA levels (Figure 2a,b), since 
repeated incompatible pollination could not induce fertili- 
zation in control or unaffected ScHT-B transgenic plants. 
Furthermore, in N.alata HT antisense plants, pollen tube 
growth in the style is observed even when the S-RNase 
level is high, although in that case, fertilization and produc- 
tion of fruits could not be observed because the recipient 
plant used. was a sterile hybrid between N.alata and 
N. plumbaginifolia and only pollen tube growth in the style 
was used to score the SI or SC phenotype. 

Our results clearly indicate that there is an increase in 
flower longevity and pollination receptivity, associated 
with a decrease in ScHT-B transcripts. One possibility 
would be that the HT-B isoform is involved in a pathway 
regulating floral abscission. Pollination is known to affect 
the physiological state of the flower. Pollinated flowers 
(compatible) senesce rapidly compared to unpollinated 
flowers or those pollinated by incompatible pollen grains 
in the case of an SI plant (Gilissen, 1977; Singh ef a/., 1992). 
Early studies in Petunia ovaries showed an increase in 
polyribosomes activity, 6-12 h after pollination, well before 
the arrival of the pollen tubes in the ovary {approximately 
50h) (Deurenberg, 1976). Pollination-induced wilting of the 
corolla can be prevented if the style is removed early after 
pollination (Gilissen, 1984). These and other results (Stead, 
1992) have led to the hypothesis that a pollination-Induced 
signal is transmitted through the pistil and precedes the 
growing pollen tube. Ethylene has been shown to have a 
strong effect on flower abscission in solanaceous species 
(van Doom, 2002a,b). Furthermore, pollination itself 
induces ethylene synthesis (Hall and Forsyth, 1967), and 
it has been shown that in P.hybrida, pollination induces 
two distinct phases of ethylene production in the flower 
(Singh et al„ 1992). The first phase is common to both self- 
and cross-pollinated flowers and is dependent on pollen- 
borne ACC (ethylene precursor). The second phase results 
from denovo synthesis of ethylene from the flower and 
occurs 18 h after a compatible pollination. Following an 
incompatible pollination, the production of ethylene is 
delayed to 3 days after pollination (Singh etaL, 1992). Since 
RNAi ScHT-B plants showed delayed floral abscission, we 
tested these plants for alteration in the expression of ethy- 
lene-related genes. No differences could be observed in the 
expression pattem of two genes involved in ethylene bio- 
synthesis (ACC synthase and ACC oxidase), or in ethylene 
perception and signal transduction (ethylene receptor ETR1 
and EIL-3) in ScHT-S transgenic plants (data not shown). 
Since the ACC synthase and the ACC oxidase genes are part 
of multigene families (at least eight members for the ACC 
synthase and four members for the ACC oxidase in S. lyco- 
persicon) (Llop-Tous etaL, 2000), specific probes will need 
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to be designed for individual members in order to deter- 
mine if a given isoform is affected in ScHT-B mutant bacl<- 
ground. 

From our results, we propose that the ScHT-B isoform is 
involved in at least two phenomena. Firstly, elevated levels 
of both S-RNases and ScHT-Swould be necessary forthe SI 
reaction to occur, as determined from McClure's work 
(McClure et al., 1999) and from the phenotype of the 
$cHT-B RNAi plant T-2. When the ScHT-B mRNA levels 
are below a threshold level, pollen tubes would be able 
to reach the ovary and effect fertilization. The developmen- 
tally regulated decrease in both S-RNase and ScHT mRNA 
levels (Figure 2a, b) would normally lead to an SC pheno- 
type in aged flowers, but is counterbalanced by floral 
abscission. The increase in both S-RNase and ScHTmRNA 
levels following an incompatible pollination (Figure 2d) 
would also ensure the maintenance of a strong reproduc- 
tive barrier over a longer period of time. This could be of 
importance since flowers pollinated with incompatible pol- 
len last longer by an average of 1 day on the plant than 
unpollinated flowers (Figure 6, G4 x G4), and the receptivity 
period for a successful pollination is normally limited to the 
first 2-3 days after anthesis. Secondly, the ScHT-B RNAi 
transgenic plants display a novel phenotype that includes a 
longer floral longevity with delayed stytar abscission and, 
perhaps, more relevant for the SC phenotype of those 
plants, the persistence of turgid styles, even 9days after 
anthesis (Figure 6). This phenotype, observed in plants with 
reduced levels of ScH7-S mRNAs, would enable pollen tube 
growrth in older styles with reduced S-RIMase level, pass 
their normal flower lifespan and pollination receptivity 
period. As suggested by McClure (McClure ef a/., 1999), 
the HT protein could interact directly with pollen tubes and 
facilitate S-RNase uptake. Our two-hybrid results would 
support the fact that ScHT-B does not interact directly with 
the S-RNase. Furthermore, if the HT-B protein is involved in 
S-RNase uptake, a reduced level of HT-B protein would 
increase the number of pollen tubes not affected by the 
presence of the S-RNase, enabling fertilization to take place. 
This is entirely consistent with our results, since repeated 
pollination in ScHT-B RNAi plants increase the percentage 
of fertilized ovules. Although its mode of action still 
remains unclear, our data demonstrate a specific role for 
the HT-B isoform in SI and points towards a role in the 
control of flower senescence and abscission. 

Experimental procedures 

Plant material and transformation 

The diploid i2n = 2x = 24) S.chacoense Bitt. SI genotypes used 
Included line 314 (SnSiz), 582 (S13S14), G4 (Si2Si4) and V22 
(S^iSia). Plants were grown in greenhouse with 14-16 h of light 
per day. Transformation was done as described previously and the 



transformation host plant was line G4 (Matton ef al., 1997). The 
ScHT-Aj cDNA was cloned in antisense orientation downstream of 
a CaMV 35S promoter with doubled enhancers (Skuzeski ef ah, 
1990) and flanked by the nos terminator in the pBINlS vector 
(Bevan, 1984). For RNA interference experiments, a new vector 
was constructed. This new vector, called pDARTH (O'Brien and 
Matton, unpublished), includes a CaMV 35S promoter with 
doubled enhancers (Skuzeski eta!., 1990), an extended multiple 
cloning site and a 327-bp intron from a histone deacetylase (HD2) 
gene from S.chacoense lour unpublished results). The ScHT-B^ 
cDNA sequence (324 bp) was cloned in sense and antisense orien- 
tation separated by the HD2 intron. 

Isolation of the ScHT cDNAs and PCR amplification of 
other solanaceous HT genes 

The ScHT-Af, ScHT-A^and Sj^-ftA/asecDNAs were initially Isolated 
from a pollinated pistil cDNA library using virtual subtraction (Li 
and Thomas, 1998). In this procedure, genes corresponding to low- 
expressed mRNA species are preferentially isolated. Because the 
initial screen was for rare mRNA species expressed in ovary 
tissues, and since the library also contained cDNAs expressed in 
styles, genes that were highly expressed in styles but only weakly 
expressed in ovaries were also recovered. A second screening 
round with a probe derived from stylar mRNAs, uncovered all of 
the stylar expressed genes, including the ScHT-Au SCHT-A2 and 
Su-RNase cDNAs. For the isolation of the ScHT-B^ cDNA and of 
related sequences in other solanaceous species, three degenerate 
primers were designed based on the most conserved amino acid 
sequence of ScHT~A^ from S.chacoense and HT from N.alata 
(McClure ef al,, 1999). The sequence of the upstream primers 
(HT-NS1: 5'-TTT CTT TGG TTC TT(A^) TGA T(AAT)A TAT CAT 
CA-3'; HT-NS2: 5' -ATA TCA TGA GA(AyG) GTT ATT GC(A/T) AGG 
GA(A/T) ATG-3') are derived from the predicted signal peptide 
sequence, and the sequences of the downstream primers (HT- 
C1 : 5'-TCC TTT ATT CAA CCA AT(C/T) TCA TAT TA-3'; HT-C2B: 5'- 
CAA AAATAT TAC ATA ATA TTT TGT AGT CG-3'| are derived from 
the C-terminus of the HT protein. The S. chacoense HT-B1 isoform 
was obtained by PCR amplification of cDNAs from a pollinated 
pistil library while HT isoforms from S. pinnatlsectum, S.bufbo- 
castanum and S. tuberosum were obtained by PCR amplification of 
genomic DNA. 



Isolation and gel blot analysis of RNA and DNA 

Total RNA was isolated as described previously {Jones ef a/., 1985). 
RNA concentration was determined by measuring its absorbance 
at 260 nm and verified by agarose gel electrophoresis following 
ethidium bromide staining. To confirm equal loading of total RNA 
on RNA-gel blots, a 1-kb fragment of the S.chacoense 18S RNA 
was PCR amplified and used as a probe (Lantin ef al., 1999a). 
Genomic DNA isolation was performed via a modified CTAB ex- 
traction method (Reiter et at., 1992) or with the Plant DNeasy kit 
from Qiagen. DNA-gel blot analysis, including restriction, electro- 
phoresis and capillary transfer to a positively charged nylon mem- 
brane (Hybond N+, Amersham Pharmacia Biotech, Bale D'Urfe, 
Quebec) were performed as described previously (Sambrook etaf., 
1989). Hybridization of the membrane was performed under high 
stringency conditions at GS^C as described previously (Church and 
Gilbert, 1984) for 16-24 h, and following hybridization, the mem- 
brane was washed at room temperature twice with 2X SSC/0.1% 
SDS for 30 min, twice with IX SSC/0.1% SDS at 50*0 for 30 min and 
twice with 0.1 X SSC/0.1% SDS at 55°C for 10 min (IX SSC is 0.15 m 
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NaCI, 0.015 M sodium citrate, pH 7.0). RNA-gel blot analyses were 
performed as described in Sambrook et aL 11989), following the 
formaldehyde denaturing protocol. RNAs were capillary trans- 
fered to Hybond N+ nylon membranes and cross-iinked 
(120 mJ cm~^) with a Hoefer (JVC 500 UV Crosslinker. Hybridization 
of the membranes was performed under high stringency condi- 
tions at AS^C in 50% deionized formamide, 5X Denhardt solution, 
0.5% SDS, 200 ^ig ml"^ denatured salmon sperm DNA and 6X SSC 
for 16~24h. Following hybridization, the membranes were washed 
at room temperature twice with 2X SSC/0.1% SDS for 30 min, twice 
with IX SSC/0.1% SDS at BO^C for 30 mi n and twice with 0.1X SSC/ 
0-1% SDS at SS^C for 10 min. Probes for DNA-gel blot analysis were 
synthesized from random-labeled isolated DNA inserts (Roche 
Diagnostic, Laval, Quebec) with a-^^P dCTP (ICN Biochemicals, 
Irvine, CA). For RNA-gel blot analyses, cDNA probes were made 
with a-^^P dATP with the Strip-E2 DNA labeling kit (Ambion, 
Austin, TX) and oligonucleotide probes were labeled with y-^^P 
dATP (Sambrook er a/., 1989). The membranes were autoradio- 
graphed at -85°C with one intensifying screen on Kodak Biomax 
MR film (Interscience, Markham, Ontario). 

Site-directed mutagenesis of the S^-RNase and yeast 
two-hybrid analysis 

A mutated Sn-RNase gene with the conserved His-114 residue 
(CAT) located in the C3 active site domain was converted to a 
leucine residue (CTT) by site-directed mutagenesis using the fol- 
lowing oligonucleotide (mutated nucleotide is underlined): 5'- 
CTAAAGCp"GGATCCTGCTGT-3' (Altered sites II in vitro mutagen- 
esis system, Promega, Wl). The original construct contained both 
the Sii intron and 3' end of the gene, and was expressed in 
transgenic S. chacoense plants (Matton et al„ 1997; Matton et al„ 
1999) under the control of the style specific chitinase promoter 
(Harikrishna ef at, 1996). The spliced His" Sn-RNase cDNA was 
recovered from reversed transcribed style mRNAs, and the coding 
region corresponding to the mature protein was PCR amplified 
(Pwo DNA polymerase, Roche Diagnostics, Laval, Quebec) and 
fused in frame with the DNA-binding domain of the GAL4 protein 
in the pBDGALA yeast vector (TRPl selection marker) (Stratagene, 
LaJolla, CA).The ScHT-A^ coding region was PCR amplified with or 
without the predicted signal peptide and inserted in frame with the 
GAL4 activation domain in the pADGAL4 vector (LEU2 selection 
marker). For the ScHT-B construct, only the coding region without 
the predicted signal peptide was inserted in frame with the GAL4 
activation domain in the pADGAL4 vector. Integrity of the DNA 
constructs was verified by sequencing. The constructs were trans- 
formed sequentially in the yeast strain PJ69-4A (James etal., 1996) 
and selected through their ability to grow on Trp" and Leu~ media. 
Protein-protein interaction assays were performed on media tack- 
ing Trp, Leu and His and on media lacking Trp. Leu and Ade. 
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the presently pending claims. 
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issued by the United States Patent and Trademark Office in connection with the 
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one skilled in the relevant art that the inventor(s), at the time the application was 
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7. It is my understanding that the Examiner believes that the specification, claims 
and the art do not adequately describe the distinguishing features or attributes 
shared by the members of the claimed genus of DNA constructs for gene 
silencing comprising the recited sense and antisense nucleotide sequences and 
further comprising an intron sequence, whereby any intronic sequence is inserted 
anywhere in the chimeric DNA, and whereby the DNA construct provides for the 
function claimed, namely reducing the phenotypic expression of a nucleic of 
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1 1 .The design of the hairpin RNA encoding chimeric genes is described in detail on 
page 380 right column of ANNEX 2, in the section entitled "Plasmid construction". 
The hairpin RNA encoding chimeric genes contained either a 3' end of the B, 
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PI are examples of B-type MADS-box floral organ identity genes. 

12. At the time of designing the hairpin RNA encoding chimeric genes we were 
aware --due to our collaboration with CSIRO, assignee of the Application- of the 
results indicated in the Application at least on page 23 and in Example 6 that the 
inclusion of an intron in the transcribed region enhances the efficiency of the 
reduction of expression of the gene of interest. Therefore, we decided to include 
an intron in at least one of the chimeric constructs (indicated in ANNEX 2 as 
pAPI ::hpBPI) that were to be used in the project. 

13. Since I did not perceive the identity of the particular intron to be used to be critical 
to achieve the same effect, another intron which was readily available at our 
premises was used i.e. intron IV2 from the potato light-inducible tissue-specific 
gene ST-LS1 as described by Vancanneyt et al., 1990, Mol. Gen. Genet. 220: 
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245-250 (see ANNEX 2. page 380, 8-9 lines from the bottom of the right-hand 
column). 

14. Interestingly, the hairpin RNA encoding construct comprising the intron 
(pAP1::hpBPI) is the most efficient in Arabidopsis to achieve the desired double 
sepaloid phenotype (ANNEX 2, page 381 right hand column lines 26-27) and is 
the only construct when used in oilseed rape resulting in flowers with an 
apetalous or partially apetalous phenotype, while no differences in flowering were 
observed with the intron-less construct (ANNEX 2, paragraph spanning pages 
382 and 383). Further modifications of the promoter driving the intron comprising 
hairpin RNA constructs finally resulted in the oilseed rape with sepaloid petals. 

15,1 believe the above described clearly illustrates that the invention described in the 
Application was in my mind not limited to the particular exemplified intron, as I 
immediately decided to exchange it for another known intron. 1 believe that a 
person of ordinary skill in the art reading the Application at the time the 
Application was filed would have reached a similar understanding. 

16. In my view a person of ordinary skill in the art for the purpose of the inventions 
described in the Application is a person with a doctoral degree in the field of 
molecular biology of eukaryotes with at least some years of post doctoral 
research experience. 

17.lt is also my opinion that a person of ordinary skill in the art would have 
immediately understood that the applicability of the inventions described in the 
Application is not limited to the specific Example therein, nor to the particular 
intron used in that Example. The person of ordinary skill in the art would have 
understood that the exemplified intron could be exchanged for other well known 
introns, and that such other introns would function in the same manner, since the 
process of removal of introns from RNA molecules is a conserved process. 

18. In conclusion, it is therefore my opinion that a person of ordinary skill in the art 
would have reasonably concluded, judged at the filing date, that the Application 
adequately described the claimed subject matter, to convey that the inventors 
were in possession of the invention as broadly claimed. 

I also declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that wilful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such wilful false 
statements may jeopardise the validity of this application or any patent issued 
thereon. 
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Abstract Oilseed rape {Brassica napus L.) genotypes 
with no or small petals are thought to have advantages 
in photosynihetic activity. The flowers of field-grown 
oilseed rape form a bright-yellow canopy that reflects 
and absorbs nearly 60% of the photosynlhetically ac- 
tive radiation (PAR), causing a severe yield penalty. 
Reducing the size of the petals and/or removing the 
reflecting colour will improve the transmission of PAR 
to the leaves and is expected to increase the crop 
productivity. In this study the 'hairpin' RNA-mediated 
(hpRNA) gene silencing technology was implemented 
in Arabidopsis thaliana (L.) Heynh. and B, napus to 
silence B-type MADS-box floral organ identity genes 
in a second- whorl-specific manner. In Arabidopsis, 
silencing of B-type MADS-box genes was obtained by 
expressing B. napus APETALA3 (BAPS) or PISTIL- 
LATA (BPl) homologous self-complementary hpRNA 
constructs under control of the Arabidopsis A-type 
MADS-box gene APETALAJ (API) promoter. In B. 
napus, silencing of the BPI gene family was achieved 
by expressing a similar hpRNA construct as used in 
Arabidopsis under the control of a chimeric promoter 
consisting of a modified petal-specific Arabidopsis APS 
promoter fragment fused to the API promoter. In this 
way, transgenic plants were generated producing male 
fertile flowers in which the petals were converted into 
sepals {Arabidopsis) or into sepaloid petals {B. napus). 
These novel flower phenotypes were stable and heri- 
table in both species. 

Keywords Apetalous • Arabidopsis • Brassica • Double 
sepaloid • MADS-box • Petal 
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Introduction 

Flowers of oilseed rape (Brassica napus) have four well- 
developed bright-yellow petals. During flowering time, 
flowers form a very bright-yellow layer that reflects and 
absorbs solar radiation. As consequence, only 24% of 
the photosynthetically active radiation (PAR) reaches 
the leaf canopy (Chapman et al. 1984). This accelerates 
leaf and bract senescence, reduces dry matter accumu- 
lation, and lowers seed set (Daniels et al. 1986). 

A few strategies to improve the photosynthetic effi- 
ciency of oilseed rape by utilising different apetalous 
variants (Buzza 1983; Jiang and Becker 2003) or the 
stamenoid petal (stap) variant with flowers bearing 
staminoid petals (Fray et al. 1997) have been proposed. 
Physiological analyses have revealed the potential ben- 
efit of such a petalless flower phenotype on B. napus 
yield (Rao et al. 1991; Fray et al. 1995). 

The currently used apetalous genotypes are con- 
trolled either by two recessive genes (Fray et al. 1996) or 
by an interaction of cytoplasmic genes and two pairs of 
nuclear genes (Jiang and Becker 2003). This genetic 
complexity makes it diflficult to fully implement the 
apetalous trait into commercial rapeseed varieties. 
Additionally, the apetalous character appears to be 
unstable under field conditions at high temperatures and 
in long days (Rao et al. 1991). The B. napus stap variant 
also possesses poor agronomic attributes, such as 
deformed leaves and poor vigour (Fray et al. 1997). 

A more promising strategy to improve PAR trans- 
mission in oilseed rape would be the use of a single 
dominant gene that converts the bright-yellow petals 
into small non-light reflecting structures such as sepals. 
Such an organ conversion is preferable over the removal 
of the petals to avoid interfering with insect pollination. 
Pierre et al. (1996) have shown that honeybees, the main 
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pollinators on oilseed rape, do not crawl over the an- 
thers and stigma of apetalous flowers as they do in 
pctalous ones but often insert their tongues between the 
sepals to collect the nectar. In this way pollination might 
be reduced^ resulting in a lower seed set. 

The molecular mechanisms governing floral organ 
identity are well understood. According to the "A-E'* 
model, the organ identity of each floral whorl is deter- 
mined by a unique combination of four organ identity 
activities, called A, B, C and E (Weige! and Meyerowitz 
1994; Pelaz et al. 2000; Jack 2001; TheiBen 2001; Fig. 1). 
Expression of the (A)-type genes specifies sepal forma- 
tion. The combination of (A + B + E) activities spec- 
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Fiy. la-tl Experimenial strategy, a Representation of the basic 
construct used in this study. A DNA fragment of a 3'-coding region 
of a B-type MADS-box gene (yellow box) was sub-cloned as an 
inverted repeat (directions are indicated by arrows) with a part of 
the GUS gene or the inlron IV2 from gene ST-LSI (Vancanneyt 
et al. 1990) as a spacer (h/ue box). The constructs were driven by an 
A-iype MADS-box gene promoter (green box), b Transcripts 
produced by the construct are predicted to form a hairpin 
structure, c Domains of the A, B, C and E functions and the 
corresponding organ identities in floral whorls in wild-type plants, 
d Domains of the A, B, C and E functions and the corresponding 
organ identities in floral whorls in transgenic plants. In transgenic 
plants, down-regulation of the B-lype function in the second whorl 
only leads to development of sepals instead of petals. Numbers 
indicate whorls. Se sepals, Pe petals, St stamens, Ca carpels 



ifies the formation of petals, while combined (B + C + 
E) functions specify stamen formation. Expression of the 
(C + E)-type genes determines the development of 
carpels (Fig. 1). All types of organ identity genes have 
been cloned from Arabidopsis, An example of the A-type 
gene is API (Mandel et al. 1992). The B-type genes are 
APS (Jack et al. 1992) and PJ (Goto and Meyerowitz 
1994), and the C-type gene is AGAMOUS (AG) 
(Yanofsky et al. 1990). The E-function is provided by 
three SEPALLATA genes (Pelaz et al. 2000). All these 
genes are transcription factors belonging to the MADS- 
box gene family. 

In this paper, silencing of the B-type MADS-box 
genes in a second-whorl-specific manner was obtained in 
both Arabidopsis and B, napus flowers by expressing a B, 
napus B-type gene hpRNA construct under control of an 
Arabidopsis A-type MADS-box gene promoter (Fig. 1). 
In this way, Arabidopsis lines with double sepaloid 
flowers and B. napus lines with flowers in which petals 
are converted into sepaloid petals were generated. The 
novel flower phenotypes were stable and heritable in 
both species. 



Materials and methods 

Plant material 

Arabidopsis thaliana (L.) Heynh. ecotype C24, kindly provided by 
Dr. M. Van Lijsebetlens (VIB, Gent, Belgium), and the double 
haploid Brassica napus L. line cv. Simon (Bayer Bioscience N.V., 
Gent, Belgium) were used in this study. 



Plasmid construction 

The 3'- coding regions of the BAPS and BPI genes were cloned by 
means of RT-PCR performed on total RNA isolated from B. napus 
flower buds. RT-PCR was performed according to the protocol of 
the Superscript First-Strand Synthesis System for RT-PCR (Invi- 
trogen). AP3 cDNA-specific primers: 

- 5'-CGCACTCAGATTAAGCAGAGGC-3' and 

- 5'-GGAAGGTAATGATGTCAGAGGC-3' 

and PI cDNA-specific primers: 

- 5'-GGGAGAAGATATACAGTCTCTCAAC-3' and 

- 5'-GAATCGGTTGCACTCTATATCC-3' 

were chosen based on the published sequences (Jack et al. 1992, 
GenBank Accession D30807; Goto and Meyerowitz 1994, Gen- 
Bank Accession M86337). In the pAPI::hpBAP3 construct, one of 
the 5^ Pi-specific DNA fragments, 380-bp in length, was cloned as 
a inverted repeat with the ^-glucuronidase (GUS) fragment con- 
taining nucleotides 744-975 as a spacer. In the pAPl;:hpBPl con- 
struct, one of the 5/*y-specific fragments, 255-bp in length, was 
cloned as an inverted repeat with the inlron IV2 from the potato 
light-inducible tissue-specific gene ST-LSl, 251-bp in length, as a 
spacer (Vancanneyt et al. 1990). In the pAPl::hpBAP3 and 
pAPl:;hpBPI constructs, gene-specific structures were driven by a 
1,182-bp fragment of the API promoter. The fragment of the API 
promoter (-1182 to +1) was cloned by means of PGR from 
pKY65 plasmid kindly provided by Martin Yanofsky. In pAAP3- 
APl::hpBPI fragments of the AP3 promoter, containing nucleo- 
tides -727 to -556 and -224 to -I were cloned by PCR based on 
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ihe published sequence (Irish and Yamamoto 1995, GenBank 
Accession U30729) and linked to the 5'-end of the API promoter. 
Plasmid constructs were introduced into Agrobacterium tumefac- 
icns strain CSSClrif by electroporation. 

Pliint transformation 

The transformations of A. thaliana and B. napus were essentially 
done as described by Valvekens el al. (1992) and De Block et al. 
( 1989), respectively. 

Cytology 

The embedding was done in Historesin as advised by the manu- 
facturer (Leica, Heidelberg, Germany). Sections 5 \xm thick were 
siiiined with 0.05% toluidine blue. 



In situ hybridization 

Embedding in methacrylate, sectioning, and the removal of the 
pUislic were essentially done as described by Baskin et al. (1992). 
The in situ hybridizations on 7-|im sections were essentially done as 
described by Dc Block and De Brouwer (1993). 

Microscopy 

Sections were examined with an Axioplan (Zeiss, Jena, Germany) 
microscope equipped with Normaski differential interference con- 
irasi. 



Spectrophotometric determination of chlorophyll 

The total chlorophyll {a + b) content was measured as described 
by Bruisma (1963). 



Results 

Genet-al strategy: silencing the B-type MADS-box 
genes in a second floral whorl-specific manner 

To convert petals into sepals without interfering with 
anther development, the strategy outlined in Fig. 1 was 
used. Following the A-E flower development model it is 
expected that silencing of a B-type MADS-box gene, 
AP3 or PI, in the second whorl will redirect the devel- 
opment of petals into sepals. This could be obtained by 
expressing in the second, but not in the third whorl self- 
complementary 'hairpin' RNA (hpRNA) constructs 
containing AP3~ and/or /^/-specific sequences. Down- 
regulation of the B-type MADS-box genes in the third 
whorl has to be avoided to maintain normal male fer- 
tility. For this purpose an A-type promoter driving the 
expression of the hpRNA construct could be used. 

Starting from the PI and APS sequences (Jack et ah 
1992; Goto and Meyerowitz 1994), we identified in the 
amphidiploid B. napus five /4PJ-like (BAPS) and three 
Pl-Wkc (BPI) genes that were actively expressed during 
flower development (data not shown). Fragments of the 
3'-coding region of the BAPS and BPJ genes were 
isolated. The nucleotide sequence similarity between 



members of the same B-type MADS-box gene subfamily 
turned out to be on average 95%. Each B. napus gene 
subfamily shared with its unique Arabidopsis counter- 
part about 91 % sequence similarity, containing multiple 
blocks of more than 20 bases of perfect homology. This 
high sequence similarity should be sufificient to silence 
the target genes in both Arabidopsis and B. napus by 
using the same hpRNA constructs (Helliwell and 
Waterhouse 2003). The feasibility of the strategy to 
convert petals into sepals by silencing the B-type 
MADS-box genes only in the second floral whorl was 
first evaluated in the model plant Arabidopsis thaliana. 



Generation of Arabidopsis transgenic lines 
with male fertile double sepaloid flowers 

To make constructs that produce hpRNA B-type 
MADS-box gene transcript, the 3'-coding regions of one 
BAPS and one BPI gene, were subcloned as an inverted 
repeat (see Materials and methods). Both hpBAP3 and 
hpBPI gene-specific sequences were driven by a 1.1 -kb 
promoter fragment of the Arabidopsis API gene. The 
resulting pAPI::hpBAP3 and pAPl::hpBPI constructs 
were introduced separately into Arabidopsis . 

A total of 125 pAPl::hpBAP3 and 56 pAPl::hpBPI 
transgenic lines was generated. All the plants were nor- 
mal in terms of vegetative growth while they had mor- 
phological changes in flower organs. 1 6.9% of the 
pAPl::hpBPI and 5.6% of the pAPl::hpBAP3 lines 
exhibited the desirable double sepaloid phenotype 
(Fig. 2b). Instead of petals, sepals developed in the 
second floral whorl, indistinguishable from those of the 
first whorl except for their slightly smaller size. Despite 
their transformation, these organs developed in the 
positions and on a time course characteristics of petals. 
Some other pAPl::hpBAP3 Tq plants had a range of 
phenotypes related to the severity of homeotic trans- 
formations observed in petal and stamen development. 
10.4% of the pAPl::hpBAP3 lines produced flowers 
with short white petals and 20% of the lines had 
homeotic aberrations in stamens ranging from weak 
carpelloidy to complete transformation of stamens into 
carpels (Table 1). In contrast to the pAPl::hpBAP3 
lines, no aberrations in the third floral whorl were ob- 
served in the pAPl::hpBPI transgenic plants (Table 1). 

Microscopic analysis of cross-sections of mature 
pAPl::hpBPI double sepaloid flowers revealed that the 
mesophyll cells of the second-whorl organs were sepal- 
oid in nature, as indicated by the presence of chlorop- 
lasts and their larger size than those normally found in 
wild-type petals. The abaxial epidermis was like that 
of sepals, consisting of stomata and irregularly shaped 
cells (Fig. 2d). The same results were obtained for 
pAPl ::hpBAP3 double sepaloid flowers (data not 
shown). 

To confirm that the double sepaloid phenotype of 
Arabidopsis transgenic plants was caused by depletion of 
expression of endogenous B-type homeotic genes in the 
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second whorl, the PI niRNA expression pattern in 
pAPI::hpBPl was examined by in situ hybridization. In 
wild-type Avabidopsis flowers, PI mRNA is detected 



Fig. 2a-f Analysis of the double sepaloid pAPl::hpBPI Avabidop- 
sis thaliana flowers, a C24 Arabidopsis wild-type mature flower, b 
Mature transgenic flower. Second-whorl organs are sepals {arrow) 
that are slightly smaller than the true sepals, c, d Cytological 
transverse sections taken approximately in the middle of anthers of 
flower buds at stage 12. c Cellular morphology of first- and second- 
whorl organs of a wild-type flower. Mesophyll cells of the 
second-whorl petals are smaller than those of sepals developed in 
the first whorl. Abaxial epidermal cells of petals are regular in 
shape, d Cellular morphology of first- and second-whorl organs of 
a transgenic flower. Mesophyll and epidermal cells of the second- 
whorl organs are slightly smaller in size than cells of the first-whorl 
sepals. The shape of the cells of the second-whorl sepals is similar 
to those of the first-whorl sepals- Stomata {arrows) are present in 
the abaxial epidermis of the second-whorl organs as in normal first- 
whorl sepals, e, f In situ analysis of PI expression in transverse 
sections of wild-type and transgenic flowers. The hybridisation 
signal is confined to the second- and the third-whorl organs in wild- 
type flowers (e). In transgenic flowers (f) PI expression is detected 
in the third-whorl organs only. Numbers indicate whorls. Bars = 
50 fim (c, d, 0* 100 Jim (e) 

from stage 3 (Smyth et al. 1990) in second- third- and 
foTirth-whorl primordia. In the second and third whorls 
it persists until anthesis (Goto and Meyerowitz 1994). In 
pAPl::hpBPI double sepaloid flowers the P/ transcript 
was not detectable in the second-whorl primordia at any 
of the stages examined (Fig. 2f), Expression of PI in 
developing stamens was similar to that observed in the 
wild type. 

As it has been shown that expression of both PI and 
APS genes is reduced when either the PI or APS gene is 
mutated (Jack et al. 1992; Goto and Meyerowitz 1994), 
we anticipated that inhibition of expression of one of the 
B-type MADS-box genes in a tissue where both genes 
are active would lead to reduction of expression of the 
counterpart gene in the same manner. To verify this 
hypothesis, in situ hybridization of the pAPl::hpBPI 
flowers using the BAPS-%ptc\fio fragment as a probe was 
performed. As was predicted, APS RNA was not de- 
tected in the second whorl of developing organs. How- 
ever, no reduction in the level of the APS mRNA was 
observed in stamens (data not shown). 

Heritability and stability of the double sepaloid trait 
was tested by self-pollination. The trait was heritable and 
in the case of pAPl :;hpBPI stable through the Ti and T2 
generations. In the case of pAPl::hpBAP3 some T| and 
T2 lines produced flowers with homeotic aberrations in 
stamens, as previously observed in the Tq plants. 

In B, napus, silencing of B-type MADS-box genes 
in the second whorl results in the transformation 
of petals into sepaloid petals 

To evaluate whether the expression of the pAPl::hp- 
BAP3 and pAPl::hpBPI genes would also result in a 
double sepaloid phenotype in B. napus, 48 and 53 
transgenic lines, respectively, were generated. 

All the pAPl::hpBAP3 lines had wild-type flowers. 
Among the pAPl::hpBPI transgenic lines, 22.6% 
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Tabic I Phenotypic analysis of 
To Anihidopsh (haliana plants 



"Range of aberrations in 
siamens from mild to complete 
conversion of stamens into 
ciirpels 



Transformed 


Total number of 
transgenic lines 


Plants with mutant phenotype (%) 




constructs 


Double sepaloid Double sepaloid 
Fertile Partially male sterile^ 


Short petals 
Fertile 


pAPl::hpBPl 
pAPl::hpBAP3 


56 
125 


16.9 <2 
5.6 20 


18.9 
10.4 



exhibited an apelalous or partially apetalous phenotype 
characterised by the appearance of flowers without 
petals or bearing 1, 2 or 3 petals only (Table 2). Fre- 
quently, the petals were significantly smaller and nar- 
rower than those from wild type (data not shown). 
However, this phenotype was unstable and not heritable. 

The absence of the double sepaloid phenotype in 
transgenic B, napus hnes with the same constructs used 
in Arahidopsis could be due to an inability of the Ara- 
hiclopsis API promoter to direct transcription of ade- 
quate amounts of double-stranded transcripts necessary 
10 trigger silencing of all target BAPS or BPl genes ex- 
pressed in rapeseed flowers. Starting from this hypoth- 
esis, a new construct was generated that could produce 
higher amounts of hpRNA. Because the pAPl::hpBAP3 
B. napus transgenic plants did not exhibit any pheno- 
types diflerent from those of wild-type plants, and in 
Avobidopsis the most stable double sepaloid flower 
phenotype was obtained with the hpBPI construct, we 
continued only with the hpRNA BPl gene. 

To enhance the level of expression of hpBPI specifi- 
cally in the second whorl, an Arabidopsis modified APS 
regulatory fragment was added to the API promoter. 

Discrete c/A-acting elements regulating spatial and 
temporal expression of the Arabidopsis APS gene have 
been identified (Hill et al. 1998; Tilly et al. 1998). Based 
on these data the positive regulator of the APS expres- 
sion during the early stages of flower development was 
combined with the petal-specific regulatory region (see 
iVlaierials and methods). The modified APS promoter 
was introduced in the pAPl::hpBPI construct directly 
upstream of the API sequence. This pAAP3-APl::hpBPI 
construct was transformed into B, napus. 

Of the 125 primary transformants, 1 L2% produced 
flowers with aberrant second-whorl organs. Of these 
11.2% lines, half (5.6%) produced flowers in which 
petals were converted into sepaloid petals (Fig. 3a, Ta- 
bic 2). These organs were yellowish-green, indicating the 
presence of chloroplasts in their cells that is character- 
istic of wild-type sepals. The size of the sepaloid petals 
was comparable to the size of true sepals. These organs 



were narrow and almost strap-like in shape, like sepals, 
but had a small lamina and base, characteristic of a 
petal. In addition the lamina portion was wrinkled 
(Fig. 3a). 

The aberrant B. napus flowers with sepaloid petals 
were analysed microscopically to verify the identity of 
tissues in the second-whorl organs. As shown in Fig. 3c 
the size and the shape of epidermal and mesophyll cells 
of these organs were indistinguishable from the first- 
whorl sepals. Moreover, the mesophyll cells of the 
sepaloid petals contained a large number of chloroplasts 
(Fig. 3d). 

In addition, spectrophotometric analysis of chloro- 
phyll fluorescence, which was done on the first and the 
second floral organs of transgenic plants, revealed that 
chlorophyll content in the sepaloid petals is only 30% 
less than in the true wild-type sepals (data not shown). 

In situ hybridization of flower sections with a BPI- 
specific probe confirmed the absence of a detectable level 
of. BPl gene expression in the second whorl of the 
transgenic flowers, indicating that the complete BPl 
gene family was down-regulated (Fig. 3e). 

The other half of the 11.2% transgenic pAAP3- 
APl::hpBPI lines exhibited partial apetalous and apet- 
alous phenotypes similar to those observed in 
pAPl::hpBPI transgenic plants (Table 2). 



The flower phenotype with sepaloid petals is a stable 
trait in B. napus transgenic plants 

The stability of transformation of petals to sepaloid 
petals in B, napus was tested for six lines, of which the 
original To plants had flowers with sepaloid petals and 
contained only one copy the pAAP3-APl ::hpBPI trans- 
gene. The To plants were first maintained by selfing. The 
transgenic plants of these T) generations had flowers 
with sepaloid petals while the azygous segregants had 
normal wild-type flowers. For each line ten transgenic 
plants of the Ti generation were backcrossed with the 
original non-transgenic double haploid B. napus line cv. 



Tabic 2 Phenotypic analysis ^ ^ . , /. t^. . , , ^ 

of To Bras.ssica napus plants Transfornned Total number of Plants with mutant phenotype (%) 

constructs transgenic lines 

Sepaloid petals Apetalous/partially apetalous 



pAPl::hpBAP3 48 
pAPl::hpBPI 53 
pAAP3-APl::hpBPI 125 



0 
0 

5.6 



0 

22.6 
5.6 
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Simon. Depending on whether the Ti plant used was 
homo- or heterozygous for the transgene, all or 50% of 
the F| plants,. respectively, had sepaloid petals in their 
flowers. A second backcross was done with 15 plants of 
each tine. As expected, in the F2 generations there was a 
1 ; 1 segregation of wild-type plants and plants with 
sepaloid petals. The flower phenotype of the transgenic 
F2 plants was identical to those of the Tq, T| and Fi 
transgenic plants. 



Fig, 3a-e Analysis of the pAAP3-APl;:hpBPI B, napus flowers, a 
Morphological features of Brassica napus flowers: mature wild-type 
flower (left), mature flower of a transgenic plant (right). The 
second-whorl organs of a transgenic flower are yellowish-green 
sepaloid petals (arrow). The size of these organs is similar to sepals 
developed in the first whorl, but the lamina-base structure can still 
be distinguished (for comparison see the detached organs in the 
bottom right corner: the second-whorl organ (ieft), the first-whorl 
organ (right) of a transgenic flower), b-d Cytological transverse 
sections taken approximately in the middle of anthers at the early 
yellow bud stage (Smith and Scarisbrick 1990). b Cellular 
morphology of first- and second-whorl organs of a wild-type 
flower. Mesophyll cells of petals are smaller than those of sepals. 
Epidermal cells of petals are regular in shape, c Cellular 
morphology of the first- and second-whorl organs of a transgenic 
plant. The shape and the size of mesophyll and epidermal cells of 
the second-whorl organs are similar to those of the first-whorl 
sepals, d Cytology of a sepaloid petal showing the presence of 
chloroplasts (two examples indicated by arrows) in the mesophyll 
cells, e, f In situ analysis of BP! expression on transverse sections of 
wild-type and transgenic flowers. The hybridization signal is 
confined to the second- and the third-whorl organs in wild-type 
flowers (c). In transgenic flowers (f) BPI expression is detected in 
the third-whorl organs only. Numbers indicate whorls. Bars = 
20 ixm (d), 100 ^m (b, c). 200 nm (e, f) 



Discussion 

The hpRNA-mediated gene silencing technology has 
been proven to be a very eflficierit tool for gene discovery 
and functional genomics in diverse organisms such as 
fungi (Pickford et al. 2002), nematodes (Bargmann 
2001), and animals (Harborth et al. 2001). In plants this 
technology has been used successfully to generate virus 
resistance (Waterhouse et al. 1998) as well as to obtain 
consistent and profound inhibition of the expression of 
transgenes and endogenous genes (Levin et al. 2000; 
Smith at ah 2000; Wesley et ah 2001; Liu et al. 2002). 

Chuang and Meyerowitz (2000) demonstrated that the 
hpRNA-mediated silencing technology could be used to 
interfere with flower development. A range of aberrant 
flower phenotypes was obtained by down-regulating the 
floral organ genes AGAMOUS, CLAVATA3, APET- 
ALA], and PERIANTHIA using hpRNA constructs 
driven by the constitutive 35S and nopaline synthase 
promoters. Recently, it has been shown that the hpRNA- 
mediated silencing technique can be used to silence genes 
in an organ-specific way. The fatty acid composition of 
Arabidopsis and cotton seeds was modified by down- 
regulating the seed expression of two fatty acid desatur- 
ase genes using hpRNA constructs driven by seed-specific 
promoters (Liu et al. 2002; Stoutjesdijk et al. 2002). 

In this article we present for the first time to our 
knowledge implementation of the hpRNA-mediated 
technology to silence a multigene family in a floral 
whorl-specific manner. Silencing of the B-type MADS- 
box genes that are present in single copy in Arabidopsis 
but are present in multiple copies in B. napus causes 
complete transformation of petals to sepals in Arabid- 
opsis and partial transformation in B, napus. This flower 
phenotype is stable and heritable in both species. 
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In Arahidopsis, unlike the silencing of the PI gene, 
silencing of the APS gene results in homeotic aberrations 
in anthers in 20% of the cases. This implies that in these 
lines partial silencing of the APS gene also occurs in 
developing stamens. These results can be attributed to 
two possibilities. First, in wild-type Arabidopsis flowers 
API is expressed during early floral stages throughout 
all four whorls and is down-regulated in whorls 3 and 4 
by the AG gene during stage 3, persisting in whorls 1 
and 2 only (Mandel et al. 1992; Bowman at al. 1993). 
However, in contrast to the endogenous promoter, the 
smaller API promoter fragment we used might have 
some activity in the central whorls after stage 3 as pro- 
posed by Yun et al. (2002). The activity of the 
pAPl::hpBAP3 gene might have led to down-regulation 
of APS in the third floral whorl. Alternatively, an 
aberrant stamen development in the pAPl::hpBAP3 
transgenic plants might be the result of the spreading of 
a silencing signal between floral whorls. 

Both hypotheses imply that a certain amount of 
dsRNA of the APS gene present in the third whorl 
of transgenic flowers is sufficient to trigger silencing of 
APS. This is not the case for the PI gene, for which the 
down-regulation did not result in aberrant anther phe- 
notype. PI and APS are both expressed in developing 
petals and stamens. However PI expression levels are 
similar in both whorls, whereas APS expression is lower 
in developing stamens than in petals (Zhou et al. 2002). 
It may be that for this reason a lower threshold con- 
centration of hpRNA is required in stamens to provoke 
a partial inhibition of the APS gene expression. 

Although systemic spreading of silencing may be a 
concern for implementation of the hpRNA-mediated 
silencing technology in tissue-specific applications in 
plants (Wang and Waterhouse 2002), the stability of the 
aberrant flower phenotype throughout development of 
our transgenic plants indicates that at least in the case of 
the B-type M ADS-box genes there is no significant 
spreading of silencing between the meristems of adjacent 
floral organs. 

Another phenomenon that might limit application 
of the hpRNA gene silencing technique is spreading of 
RNA targeting. During this process spreading of the 
RNA silencing signal occurs from the initial target 
sequence into the adjacent 5' and 3' regions (Jones 
al al. 1999; Vaistij at al. 2002). This may result in the 
participation of the entire transcribed region of the 
target gene in the RNA silencing process. As a con- 
sequence, expression of other homologous genes can 
be inhibited. Based on this hypothesis and the fact that 
different types of MADS-box genes share a high per- 
centage of homology at the MADS-box regions 
(Purugganan et al. 1995), target-site spreading along 
the APS or PI transcribed sequences would led to 
silencing of not only APS and PI but also of other 
MADS-box genes that are expressed in the developing 
second-whorl organs. In this case petals will be con- 
verted not only into sepals but also into organs with 
staminoid and/or carpeloid and/or other aberrant 



structures. The absence of such phenotypes in our 
transgenic plants suggests that silencing of B-type 
MADS-box genes was not associated with the 
spreading of RNA targeting. The absence of the tar- 
get-site spreading process was also observed by Vaistij 
et al. (2002) for the ribulose-l,5-bisphosphate carbox- 
ylase/oxygenase and phytoene desaturase genes. These 
results demonstrate that the hpRNA-mediated gene 
silencing technology can be applied not only to silence 
all genes of a multigene family but also to silence 
specifically a single member of a subfamily or even of 
a multigene family. 

B. napus plants transformed with the improved 
pAAP3-APl::hpBPI construct have small yellowish- 
green sepaloid petals in the second whorl. Although 
mesophyll and epidermal cells of these sepaloid petals are 
sepaloid in morphology, the light-yellow colour suggests 
that some petal-specific biochemical pathways are still 
active in the cells of these organs. In addition, the small 
lamina and base of these organs are petal characteristics. 
It might be that undetectable levels of 5/*/ transcripts are 
still sufficient for maintenance of some petaloid features. 

Recently, in Arabidopsis an alternative approach was 
used to interfere with the expression of ^ Pi in a second- 
whorl-specific manner (Guan et al. 2002). A zinc finger 
protein designed to bind to a region upstream of APS 
was fused to the human transcriptional repression do- 
main of mSIN3. When the API promoter was used to 
drive the expression of this artificial zinc finger tran- 
scription factor, flowers were obtained that were par- 
tially apetalous or that contained some sepaloid petals. 
Although the use of synthetic transcription factors is a 
promising approach to interfere with gene regulation, 
high expression levels of these transcription factors are 
probably needed to obtain a full phenotype by gene 
repression. Due to technical limitations the use of such 
artificial transcription factors is less feasible when mul- 
tiple genes with redundant function, like the B-type 
MADS-box genes in B. napus, have to be repressed. 

Theoretically, in Arabidopsis a double sepaloid flower 
phenotype may also be obtained by silencing the SEP- 
ALLATA genes in the second whorl (Fig. 1). However, 
due to the redundant function of the SEPALLATA 
genes, all three genes would have to be silenced together 
(Pelaz et al. 2000). 

In conclusion, Arabidopsis and B. napus lines with a 
flower phenotype that is, respectively, double sepaloid or 
has sepaloid petals, and that is male fertile and stable in 
subsequent generations can be obtained by a hpRNA- 
mediated gene silencing of the PISTILLATA gene 
exclusively in the second floral whorl. Further physio- 
logical studies of B. napus transgenic Hnes will allow 
quantification of the effect of the flower architecture 
with sepaloid petals on the distribution of PAR and on 
other important agronomic features such as pollination 
and overall seed yield. 
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I am currently the Executive Director and CEO of the Prince of Wales Medical Research 
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Wales- 

I graduated from the University of Sydney with the degree of Bachelor of Agricultural Science 
with Honours in 1982, In 1985^ I received my PhD in genetics &om the Australian National 
University. In 1998, I was awarded the degree of Doctor of Science by the University of New 
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genetics, molecular biology and nearoscience. I have given presentations at many local and 
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4, In view of my qualificatioDS and experience in molecular biology, especially my knowledge of 
gene cloning and gene structure, I believe I am qualified to comment on the technical aspects of 
the United States Patent Application No. 09/287,632 (hereinafter "the '632 application"). 

5, I have read and understood the following documents which are relevant to the present 
examination: 

a) Complete specification of PCT Patent Application No. WO 99/53050, which is 
equivalent to the *632 application; 

b) Ab Office Action from tlie USPTO dated February 8, 2007 in connection with the 
*632 appHcation; 

o) The pending claims of tlie '632 application. 

6, I have been requested by the CSIRO to provide my comments in relation to tiie statements made 
by the USPTO examiner in the OfiHce Action, specifically with regard to claims 85, 91, 106, 107 
and IO83 which recite the inclusion of an intron. 

1. Unless stated to the conttary, when I express an opinion in this Declaration, I am expressing the 
view that I believe a person of ordinary skill in the field of the '632 application would have held 
as of 8 April 1998, the priority date of the application. 

My Opinion 

8,. Example 6 of the specification describes the use of an intron (Flaveria trinervia pyruvate 
orthophosphate dikinase intron 2) in a DNA region encoding sense and antisense sequences« 
Tobacco plants transformed with the constructs were subsequently challenged with PVY. The 
results presented in Table 8 (page 47) show that the inclusion of an intron (in either the sense or 
antisense orientation) resulted in 22 or 21 of tlie 24 independent transgenic plants being immime 
to FVY challenge^ respectively „ This surprising result represented the highest percentage of plant 
resistance to disease reported m the entire specification, indicating that inclusion of an intron 
provided a highly desirable feature in construct design and treatment efficacy. 

9, This is further explained in the specification (page 23) in which it is stated "In fact, the inventors 
have unexpectedly found that inclusion of an intron sequence in the chimeric DNA genes 
encoding an RNA molecule comprising the hairpin RNA, preferably in the spacer region, and 
preferably in the sense orientation, enhances the efficiency of reduction of expression of the target 
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nucleic acid. The enhancement in efficiency may be expressed as an increase in the frequency of 
plants wherein silencing occurs, or as an increase in the level of reduction of the phenotypic 
trait/* 

10, Example 1 of the specification (page 36) also makes reference to introns., In this case it states "a 
castor bean catalase intron (Ohta et ah, 1990) as modified by Wang et al (1997) ("intron'O^" 
Subsequently it is stated (page 37) "In addition, T-DNA vectors were constructed to evaluate the 
influence of a presence of an intron sequence in the chimeric genes encoding CoP constructs.*' 

IL The results of these experiments are reported in Example 1 and Table 2. It states (page 39) 
"Supertransformation with GUSd in a sense or antisense orientation, witli or without an intron or 
an early stop codon, showed some degree of reduction (in about 25% of the analysed calli) of the 
endogenous GUS activity". 

12. Thus, the specification malces reference to introns geneially, as discovered and described by 
Sharp and Roberts, and then proceeds to demonstrate the effects of using two different intron 
sequences, supporting the view that the inclusion of an intron (any intron) will confer the 
desirable features of the invention.. 

13. A person of ordinary skill in the field, would have understood that introns are part of the 
transcribed DNA sequence of a gene that is non-coding or intervening, and are removed from the 
heterogeneous nuclear RNA (hnKNA or pre-mRNA) transcript of the gene by the spliceosome 
complex. The spliced hnRNA becomes the mKNA. Most, but not all^ eukaryotic genes contain 
introns, as do mitochondrial and chloroplast genes. 

14. Introns were discovered in 1977 by Phillip Sharp and Richard Roberts. Their discovery altered 
the previous view that genes were continuous stretches of DNA that served as direct templates for 
mRNA molecules, which form the templates for protein synthesis. This discovery was recognized 
by tire award of the Nobel Prize for Physiology or Medicine in 1993. The press release, issued by 
the Nobel Assembly, about this work and its significance is notable because it refers to introns as 
a clasSj and does not make specific distinctions about any particulai' intron. The press release is 
attached hereto as Exhibit 2. 

15. The genera! nature of this discovery, and its translation to all of eukaryotic cell biology was such 
that it was featured in both the most highly rated scientific jomnals such as Science and in the 
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more generally accessible journals such as Scientific American. For example, Francis Crick stated 
in a review in Science on "Split genes and RNA splicing" {Science 204: 264-271, 1979) that "A 
number of genes in higher organisms and in their viruses appear to be split. That is, they have 
'^nonsense" stretches of DNA interspersed within the sense DNA, The cell produces a full RNA 
transcript of this DNA, nonsense and all, and then appears to splice out the nonsense sequences 
before sending the RKA to the cytoplasm. In this article what is known about these intervening 
sequences and about the processing of the RKA is outlined. Also discussed is their possible use 
and how they might have arisen in evolution/* Similarly, an article by Pierre Chambon titled 
"Split Genes" was published in 1981 describing the discovery and characterization of introns 
{Scientific American 244, 60-71). 

16. This view about the generality of intions was supported by the research that I undeitoolc, the 
journal articles that I read and the work conducted by my colleagues in the same laboratory from 
the commencement of my PhD studies in 1982 and further from the commencement of my 
postdoctoral studies in 1985. 

17. Specific examples of work involving the identification of introns and confirming that all introns 
conform to a common design was undertaken in my laboratory by my colleagues,, For example, in 
1982, Dr Robert Richards published an article in the journal Nature in which they reported the 
complete nucleotide sequence of two members of the human metallothionein gene family. They 
were able to deduce that one gene was a fianctional metallothionein-II gene, while the otlier was a 
pseudogene, lacking introns, but terminating in a po]y(A) tail. (Karin, M and Richards^ RI, (1982) 
Human metallothionein genes—primar/ structure of the metallothionein-H gene and a related 
processed gene. Nature 299: 797-802). 

18. In another study undertaken my fellow PhD student, Anthony Mason, he characterized and 
published an article in the journal Nature describing the structure, including intron-exon structure, 
of a mouse genomic clone containing a complete kallikrein gene (mGK-I) and the 3' end of 
another (mGK-2). (Mason, AT, Evans, BA, Cox DR, Shine, J and Richards RI„ (1983) Structure 
of mouse kallikrein gene family suggests a role in specific processing of biologically active 
peptides. Nature 303: 300-307). 

19. Other research in my laboratory concerned the cloning of the leghaemoglobin gene from the 
soybean. Both Mareker's and Verma's laboratories reported the primary gene structures of 
structures of soybean leghemoglobin genes. It will be noted that the term 'primary structure' 
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means the genomic DNA structure, from which, by analysis of tlie inRNA structure, as deduced 
by analysis of cDNA sequences, it is possible to simply deduce the intron-exon structure of the 
gene. Hyldig-Nielsen et al, in tlieir paper 'The primary structures of two leghemoglobin genes 
from soybean' {Nucleic Acids Res 10: 689-701, 19S2) presented "the complete nucleotide 
sequences of two leghemoglobin genes isolated from soybean DNA. Both genes contain three 
intervening sequences which interrupt the two coding sequences in identical positions." They 
concluded that "the general DNA sequence organization of these plant genes is similar to that of 
other eukaryotic genes." 

20. Wiborg et al in their paper 'The nucleotide sequences of two leghemoglobin genes from 
soybean' (Nucleic Acids Res 11: 3487-94, 1982) stated "We present the complete nucleotide 
sequences of two leghemoglobin genes isolated from soybean DNA. Both genes contain three 
intervening sequences in identical positions." 

21 . Brisson and Verma in thek paper ''Soybean leghemoglobin gene family: normal, pseudo, and 
truncated genes" (Proc Natl Acad Sci USA 79: 4055-4059, 1982) stated "Leghemoglobin (Lb) 
genes in soybean represent a small family of closely related genes. Tliree Lb sequences isolated 
fiom a genomic library ware analyzed at the nucleotide sequence level A Lb gene present on an 
IL5-kilobase (kb) EcoRI genomic fragment spans approximately 1,200 nucleotides and is 
interrupted at amino acid positions 32 to 33, 68 to 69, and 103 to 104 . The intervening sequences, 
as well as the 5' and 3' flanking regions of this gene, contain the consensus sequences found in 
other eukaryotic genes." 

22. At the same time Stephen Mount published a paper entitled "A catalogue of splice junction 
sequences" (Nucleic Acids Res 10: 459-472, 1982) which has attracted numerous citations for the 
consensus sequences that define intron-exon splice boundaries- The paper*s abstract states "Splice 
junction sequences from a large number of nuclear and viral genes encoding protein have been 
collected. The sequence CAAG/GTAGAGT was found to be a consensus of 139 exon-intron 
boundaries (or donor sequences) and (TC)nNCTAG/G was found to be a consensus of 130 intron- 
exon boundaries (or acceptor sequences). The possible role of splice junction sequences as signals 
for processing is discussed." 

23. The work by Mount defined the GT-AG sequences as forming the boundaries of all eukaryotic 
introns. Because of this, it has been possible to define and use introns irrespective of location in a 
gene or the organism from which the gene was isolated. 
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24. The Office Action states (page 4) "The specification, claims and the ait do not adequately 
describe the distinguishing features or attributes concisely shared by the members of the broad 
genus comprising DNA constructs wheieby any intronic sequence is inserted anywhere in the 
chimeric DNA, and whereby the DNA construct provides for the function claimed, of generating 
a gene silencing construct that reduces phenotypic expression of any nucleic acid of interest in 
any plant and in any eukaryotic cell." Further the examiner states "The specification fails to teach 
or adequately describe a representative number of species in the genus such that the common 
attributes or chaiacteristics concisely identifying members of the proposed genus are exemplified 
(e.g, tlie myriad of sequences encompassed by the genus intron, or intronic sequences is vast, and 
further whereby any intronic sequence is inserted anywhere within the DNA construct and a DNA 
chimeric construct generates a gene silencing construct which reduces the phenotypic expression 
of any nucleic acid of interest in any eukaryotic cell). And because the genus claimed is so highly 
variant, the description provide is insufficient whereby a representative number of chimeric 
constructs provide for the functions claimed, of reducing the phenotypic expression of any 
nucleic acid of interest in any eukaryotic cell or plant.. One of skill in the art would reasonably 
conclude that the disclosure, at the time of filing, fails to provide a representative number of 
species to describe the broad genus claimed.. Thus, Applicant was not in possession of the claimed 
genus.*' 

25- As noted above, the specification teaches two intron sequences, not one as stated in the Office 
Action (page 4), 

26 . With regard to the state of the art, by the early 1980s it was clear that the broad genus Intron* 
could be easily and reliably defined by comparison of genomic DNA and cDNA (or mRNA) 
sequences, and that there were well defined elements that allowed the categorical definition of 
introns. 

27, That the inclusion of an intron significantly enhances the effectiveness of the construct in 
reducing target gene expression is abundantly clear from the specification of the Application. 

28, The Office Action also refers to statements in Smith et ah Nature 407: 319-320, 2000. For 
example, the examiner quotes Smith who state "How does the presence of this intron enhance 
silencing efficiency? The process of intron excision from the construct by tlie spliceosome might 
help align the complementary arms of the hairpin in an environment favouring RNA 
hybridization, promoting the formation of a duplex. Altemativeiy, splicing may transiently 
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increase the amount of hairpin RNA by facilitating, or retarding, the hairpin's passage from the 
nucleus, or by creating a smaller, less nuclease-sensitive loop." 

29., Ultimately, the mechanism by which the presence of an iotron results in the enhanced efficiency 
of target gene silencing is not relevant to what is being claimed in the current claims of the *632 
application. A person of ordinary skill in the field of the application would have understood from 
reading its specification that the presence of an intron (generally any intron) will enhance the 
target gene silencing. This ts supported by the examples in the specification in the light of the 
prior art literature which clearly specifies and defines the broad genus 'intron,' 

30. Given the general applicability of the teachings of the specification to any potential target gene 
and any intron, it is my opinion that the '632 application sufficiently described the ftill range of 
chimeric DNA constructs recited in the claims. A person of ordinary skill would have recognized 
that the teachings of the specification could be practiced with more than a sufficient number of 
known nucleic acid sequences of interest (i.e. target genes) and intron sequences to be 
representative of the genus as a whole. Therefore^ I believe that a person of ordinary skill in the 
filed would have recognized that tlie applicants were in possession of tlie full scope of the 
claimed genus at the time the application was filed. 

3L I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willfiil false statements may jeopardize the validity of the application or any 
patent issued thereon. 
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The Kobef Assembly at the Karoilnsktj Institute has today cTedded to award the 3,993 
Nobel Prlie In Physfology or Medicine jointly to 

Richard J., Roberts and PhllUp A. Sh&rp 

for their dlscavery of "spNt genes'*, 



Summary 

Our knowledge regarding the genetic material, the genes, has Increased dramatlcatly 
during the last forty years due to achievements In the area of molecular biology. During 
Che Hfst decades^ studies on simple organisms. In particular bacteria and bacterEal vfaises, 
dominated., A gene was conceived as a continuous segment within the ver/ bng double- 
stranded DjMA Fnolecules^ the chemical substance of heredity. This simple picture of gene 
stRJcture completely changed when Hichard X Roberts and PhlKIp A. Sharp In 1977 
Independently discovered that genes could be discontinuous, tht5t \s, a given gene could 
be present In the genetic material {DMA) as severaJ, well -separated segments. As thalr 
experimental model system, both Roberts and Sharp used a common cold-caustng vlrus^ 
called adenovirus, whose genes display Important similarities to those In higher 
organisms. Shortly thereafter It could be shown by several researchers that split genes 
are frequent In higher organisms, Including man 

Roberts' and Sharp's discovery has changed our vl^w on how genes in higher organisms 
develop during evolution The discovery also led to the prediction of a new gsnebc 
process, namely that of spiidng^ which ts essential for expressing the genetic informatron. 
The dlscoven^ of split genes has bsten of fundamental Importance for today's basic 
research In biology, &s well as for more medfcally oriented research concerning the 
development of cancer and other diseases 



The genetia material 

During the last forty years our knowfedge of how the genetic material, the genes, governs 
the basic activities of life has Increased dramatically - This is due to progress mad« within 
molecular biology, the area In science which explores biological phenomena end structures 
at the moieculsr level. Many of the most Important discoveries within ^Is area have been 
awarded a Nobel Prize- Examples Include the discovery of how the nucleic acid DNA, the 
chemkal substance of heredity, Is bul^t (1962), how the synthesis of nucleic ac^ds takes 
place {19S9), how the activity of genes Is regulated {1965) and what the genetic code 
looks like (19SB). This knowledge evolved primarily through studies of simple organisms 
such as bacteria and viruses Infecting bacteria. 

The general concept prevailing during the mid 197Gs regarding the hereditary material 
and Its function can be summarized as follows^ A gene exists as a continuous stretch 
{segment} within a long, double-stranded DNA molecule. When the gene Is activated, Its 
information is copied Into a single-stranded UNA molecule, cralied messenger RNA, which 
translates the Information Into a protein (figure lA), 

Thfs simple picture of the sequence of events radically changed through the dii^covery 
made in 1977 by Richard J, Roberts, working at the CoEd Spring Harbor L^bor^tory on 
long Island, New York, and Phillip A. Sharp, working at the MassachusettJ^ Institute of 
Technology In Cambridge, USA Ihty found that an Individual gene can c^impHse not on)y 
one but several ONA segments separated by Irrelevant DNA (figure IB) Such 
discontinuous genes exist In organisms more complex than those studied earlier 
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Figure 1: Gene $l:ructure and Slow of ^entitle InformBtbn In bacteria (AJ and liigher 
organisms (B) in bacteria, the genetic Informatfon Is stored a continuous segment of 
DNA, and tiie messenger KHA can immediately direct the synthes^s oF the correspondintj 
protein In higher organisms^ the gene Is usyally split, and the messenger RNA Iras to be 
processed by splicing before It can be translated into a protein. 

How the discovery was made 

Roberts and Stiarp were studying the gentjtlc m^terfaf In adenovlms, a virus causing 
common cold. lh\s virus ^n^ects the cells of liigber organisms, and Its genome hus mafiy 
properties resembling those or the host cell At the Stjme time, adenovirus has a simple 
structure, making It a very vaiuabia experimental mods.) for studying genes and the^r 
furtct^o^ m higher orgar^lsms- The genome of adenovirtJS consists of one single long DNA 
molecule Roberts' and Sharp's aJm was to determine wher« in the genome different 
genes v/ere located- 

In biochemical experiments it was shown that one end or m adi*novirus messenger RNA 
did not behave as expected. One or several possible explanations was that the DNA 
segment corresponding to this end was not locsted in the immediate vtdnlty^ of the rest of 
the gene. To determine where this segment m$ ipatted on the long DNA molecule, they 
used electron microscopy* They surprJslnply rountf that a single RNA molecule 
corresponded to no less than four well -separated segments In the DNA molecule (figure 
2). Roberts and Sharp came to the conciuslon that the genetic mrormaWon in the gene 
was rftscofitinuausiy organized In the genome, a condusion that contradicted the 
commonly held view regarding the structure or genes. The discovery immadiatdy led to 
imensive research to find out whether this gene structure is present abo in other viruses 
snd in ordinary cetis Very soon arter the initial discovery, several researchers could show 
that a discontinuous (or spHt) gene structure was common - and In fact the most common 
gene structure in higher organisms. 



DKA 



the two strands in 
DNA tUft s^fliated 




ono of ihs ONA strands fofms 
a hybrid wsth messfingaf Rl^A 




Figure 2: Schematic re presentation of the experiment that demonstrated that adenovirtts 
DNA contains split geneSn The genetic Informadort In the messenger FINA resides in the 
DMA as four segments, which are separated by three Intervening regions (a, b, and c). In 
the experimerrtaliy produced hybrid between one of the DNA strands and the RNA, the 
Intervening sequences In the DNA strand appear as loops, he, the corresponding segments 
]^ck counterparts in the RNA The hybrid coyld be dlrecUy visualized tn thQ electron 
mlcroscope^ 
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The importance of tlie discovery 

A gene may thus consist of sevtirtJi segnnems, usually termed axons separated by 
htervenlng Dm, termed Int/vns^ This knowiedge has radically changed our view on how 
the genetic material has developed during the course of evolution It has long been 
considered Hkely that evolution takes p!ace as the result of the accumulation of mfnor 
alterations In the genetic material (mutations) resulting in a gradual change. 

As a consequence of the discovery that genes are oE^en sp!lt, It seems likely that higher 
organisms in addition to undergoing mutations may utilize another mechanism to speed 
up evolution: rearrangement [or $hufning) of gene segments to new functlonaJ units. This 
can take place In the germ cel^s through crossing-over during pairing of chromosomes, 
Thfs hypothesis seems even more attractive following the discovery that Individual exons 
In several cases coire^pond to buHdIng modules In proteins^ so-calied domains, to which 
spesciflc functions can be attributed , An exon In the genome would thus correspond to a 
1 particular subfunction In the pratein and the rearrangement of exons could result In a new 

' combination of subfunctlons In a protein. This kind of process could drive evolution 

amslderably by rearranging modules w^th specific functions 

The discovery that geties can consist of two or more segments Immediately led to a 
prediction with both surprising and important consequences. The first RMA product 
synthesized containing both exons and Introns has to be "edited" such that the Introns are 
cut out &nd the remaining exons are Joined together to form a shortened RNA molecule. It 
hss noiv been established that this process Indeed takes place, and we have already 
accumulated detailed Informatfan on its nisture- The process Is CisMed spUcfrtg and In 
higher organlsnns It represents an tiddltionel step In the transfer of information as 
compared to what usually occurs In lower organisms (figure IB), The fmportance of 
splicing became perticu^ariy apparent, v/hen it; was found that It is not always the same 
segments that are identlHed ss exons and are included !n the final RNA molecule- In 
different tissues or developmental stages^ the final RIMA molecule may be different due to 
the ull!l;!tatlDn of alternative exon combinations. Thus, the same DNA region can In many 
cases determine the structure of many different proteins The process Is called alternative 
spflclng and represents a fundamentally new principle: the genetic message, which gives 
rise to a particular product, Is not definitely established at the stage when the RNA Is first 
synthesized. Instead, It is the splicing pattern that determines the nature of the fJnal 
product 

lUledical aspects 

Hereditary diseases are common - their estimated number is today no less than about 
5000- Some of them are due to errors In the splicing process The most studied of such 
diseases is beta -thalassemia, lan enemla prevalent primarily In some Mediterranfan 
countries . 

The disease Is due to a faulty protein, ivhich fonris part of hernoglobir) in retJ blood ceils. 
The protein Is c&lled beta-globin If no or badly functioning beta-globln Is made, the life- 
span of the red blood cells Is shortsfied resulting In anemia. In different patient*;, ^mali 
defects in the genetic material have been found, resulting in errors Irt the splicing process 
and thus in the synthesis of poorly functioning beta-globin. in the upper part of figure 3 
the normal splicing of beta-globin RNA is shown (A). If the globln gene Is damaged 
{marked by an arrow) it may, for example, lead to the formation of a larger than normal 
exon during splicing (B)^ or to the formation of a completely new exon (C). 
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Flgtire 3: Defective splicing causing beta -thalassemia, A normal beta-globln gene Is 
presented In A, and two mutated genes that result in beta-thalassemit* iire shown in B 
and C Arrows mark the position of point mutations The Interrupted lines denote the 
segments that are being johed during the splicing process In the healthy Indlviduah three 
segments are spliced as shown In A. Jn one of the thalassemia cases, an unusually long 
third segment Is farmed (B), while In the second one^ an extra segment is produced {C). 

Another example showing the connection between disease and the organisation of the 
genetic material Into exons and Inb-ons Is chronic myefolc leukemia, a type of cancer of 
the blood. Characteristic for this disease Is the presence In tumor cells of a special, 
shortened chromosome, called the ?hlladelphla chromosonie; named after the dty in 
which it was discovered. This chromosome has arisen In a white bkod cell by fusion of 
one end of chromosome 22 to one end of chromosome 9. At the break-point, a large 
portion of a cancer gene has been joined to another gerie- Here we are thus dealing with 
two genes, which are now copied Into one single RNA molecule During the splicing 
process exon^ from the two genes are spHced to form an RNA molecule that specifies the 
synthesis of a new protein, a sD-caiied fusion protein,, This new protein gives rise to 
leukennla. 
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I am an expert in the fieid of the plant molecular biology, particularly the field of post- 
transcriptional gene silencing. I have authored and co-authored several scientific 
publications in this field including Metlaff et al. 1997 Cell, VoL 88 pages 845-854, 1997. My 
curriculum vltae including a list of publications is attached as ANNEX 1. 

3. I am currently employed by BAYER BIOSCIENCE N.V,, which is a licensee of 
the US patent application 09/287,632 (referred below as "the Application"). 

4. I have read the Application. 

5. I have also read the USPTO Official Action, dated September 19, 2008 and I 
understand that the examined claims have been rejected as allegedly being obvious over the 
combined disclosures of Metzlaff et al. (Cell, Vol. 88 pages 845-854, 1997) or Flavell et ai. ( 
Proc. Natl. Acad. Sci.. Vol 91, pages 3490-3496, 1994) or Stam et al. (Annals of Botany, Vol 
79.. pages 3-12, 1997) in combination with Brown et al. (US patent 5,859,347) or Lusky et al. 
(US Patent 6.350,575). 



I, Dr. Michael Metzlaff, hereby states as follows: 



I am a citizen of Germany. 



I have received a PhD degree from the University of Halle (Germany) in 1983. 



Buchanan IngersoU A Rooney pc 

Attorneys (Government Relations Profcstionals 



Declaration by Inventor Under 37 C.F.R. § 1,131 
Appfication No. 11/364,183 
Attorney's Docket No. 1021565-000159 

Page 2 

6. i understand that the Brown et aL or Lusky et al, references are not recited in 
connection witli the state of the art in the gene-sifencing field and are only refied upon to 
demonstrate that in certain circunnstances introns had been used in expression constructs in 
the prior art, and I will not further comment on these publications, except to say, that I find no 
reason in these references that would have led a person of ordinary skill to have included 
introns in the chimeric constructs that are described and claimed in the application. 

7. I also understand that the Examiner is of the opinion that a skilled person 
would have derived from the Flaveli, Metzlaff et aL and Stam et aL publications (or other 
unnamed contemporaneous publications relating to the field of co-suppression) that 
expression of target genes in a cell can be inhibited by the introduction of chimeric genes 
expressing sense and complimentary antisense sequences of the target gene (either from 
separate constructs or from the same construct) which can form a double stranded RNA 
molecule. 

8. I further understand that the Examiner is of the opinion that a skilled person 
would then also have been motivated to build further on this alleged knowledge derived from 
the Flaveli, Metzlaff et al. and Stam et al. publications and design constructs wherein 
complementary sense and antisense strands are expressed as inverted repeats in a single 
molecule. The Examiner has alleged that "expression of a single contiguous self annealing 
construct would provide for more efficient self annealing compared to two separately 
expressed self annealing molecules, applying scientific logic to the teachings of Flaveli, 
Metzlaff and Stam" 

9. t respectfully disagree with the Examiner for the reasons elaborated below. 
The publications by Flaveli, Metzlaff et aL and Stam et al (or other contemporaneous 
publications related to the field of co-suppression) did not contemplate that double stranded 
RNA structures formed between antisense RNA and the sense mRNA could be a triggering 
agent in gene silencing, A person of ordinary skill in the art understanding the proposed 
models for gene silencing would not have included a sense and antisense RNA strand in 
one single molecule to obtain more efficient self annealing. This is because the proposed 
models and prevailing wisdom considered a antisense strand to be the operative gene- 
silencing triggering molecule. More efficient self annealing would sequester the antisense 
strand by base-pairing with the sense strand, which would be contrary to the mechanisms 
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proposed in the cited papers and generally understood at the tinne. I was a person of at least 
ordinary skNI at the time and certainly would never have contemplated deliberately 
introducing complimentary sense and antisense sequence of a target gene which can form a 
double stranded RNA molecule to Increase the efficiency of gene silencing based upon 
these papers or the general understanding in the art at the time. 

10. The application describes methods for reducing the expression of a nucleic 
acid sequence of interest in eukaryotic cells, such as plant cells, by simultaneously providing 
the cells with chimeric genes encoding sense and antf sense RNA molecules targeted to the 
nucleic acid of interest (application page 1, line 5 - Example 2), The sense and antisense 
RNA molecules may be provided as one RNA molecule (application page 1, line 6- Example 
1, page 38-40) that can be transcribed from a recombinant DNA and which is capable of 
forming an artificial hairpin structure. In its simplest form, the artificial hairpin RNA can be 
visualized as a double stranded RNA region formed between the complimentary sense and 
antisense region, and a loop (transcribed from the spacer region) connecting the sense and 
antisense region. The term "artificial hairpin RNA" refers to the requirement that the hairpin 
RNA is not naturally occurring in nature, because the sense and antisense regions as 
defined are not naturally occurring simultaneously in one RNA molecule, or the sense and 
antisense regions are separated by a spacer region which is heterologous with respect to 
the target gene, or because the hairpin is not contained within the RNA molecule it is 
normally associated with (Application page 22, linds 19-28). 

11, The gene-silencing methods described in the application were found to be 
surprisingly more efficient than the gene-silencing methods described in the art, which used 
either antisense or sense (co-suppresion) regions. The higher efficiency of gene silencing 
can be ascertained by 

a. the greater proportion of the population of transgenic plants in which 
chimeric genes encoding the artificial hairpin RNA molecules were 
introduced that exhibited a gene silencing effect; and/or 

b. the greater proportion of the population of transgenic effect that 
exhibited a very pronounced gene silencing effect. 
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12. The application also disclosed that inclusion of an intron sequence in the 
chimeric DNA genes encoding the hairpin RNA molecule enhanced the efficiency of 
reduction of expression of the target nucleic acid to a surprisingly greater degree (application 
page 47; application page 23, lines 3-15). 

13. This latter invention is recited in the current claims of the application. The 
claims are thus directed to a chimeric DNA comprising a promoter and a transcription 
termination and po!yadenylation region operabty linked to a DNA region, which when 
transcribed, yields an RNA molecule comprising an RNA region capable of forming an 
artificial hairpin RNA structure comprising two annealing RNA sequences, wherein one of 
the annealing RNA sequences of the hairpin RNA structure comprises a sense sequence 
identical to at least 20 consecutive nucleotides of the nucleotide sequence of a nuolejc add 
of interest, and wherein the second of the annealing RNA sequences comprises an 
antfsense sequence identical to at least 20 consecutive nucleotides of the complement of at 
least part of the nucleotide sequence of the nucleic acid of interest and wherein the DNA 
region further comprises an intron. Other claims are directed to eukaryotic cell and 
organisms, such as plants, containing such chimeric genes. The application further contains 
corresponding method ciaims, which are however currently withdrawn from consideration. 

14. It is my opinion that the application described the invention in sufficient detail 
to demonstrate that the inventors had a complete conception of the invention and described 
it sufficiently such that a person of ordinary skill in the art would have understood what the 
invention was and how it was distinguished over the prior art. It is further my opinion that a 
person of ordinary skill in the art reading the application would have been able to make and 
use the invention consistent with the breadth of the claims. 

15. As mentioned, such chimeric genes could be used to effect a more efficient 
silencing of the target gene's expression than the antisense or co-suppression methods 
described in the prior art. Antisense mediated gene-silencing is the earliest described gene- 
silencing. In the mid-nineties, it was generally assumed that the antisense RNA formed a 
double-stranded intermediate with its complementary mRNA resulting in either mRNA 
degradation by double-stranded RNA specific nucleases, inhibition of RNA processing, 
transport or translation. 
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16. In 1990, co-suppression was first described in purple flowered petunia plants 
geneticafly modifped by the introduction of DNA containing a chalcone synthase coding 
sequence under the control of the strong CaMV35S. Chalcone synthase is a key enzyme in 
the flavonoid biosynthesis and therefore in pigment production. Surprising phenotypes were 
produced in that a very high proportion of the first family of primary transformants had 
flowers with white sectors, and the flowers of some plants were completely white. It was 
found that the white sectors of the flowers lacked anthocyanin pigment and contained very 
low levels of mRNA from both transgene and endogenous chalcone synthase A in petals. In 
1995, i co-authored a chapter in a book entitled "Gene silencing in Higher Plants and 
Related Phenomena in other Eukaryotes" pages 43-58 (Ed. Peter Meyer- Springer Verlag) 
reviewing mechanisms and hypotheses for co-suppression of chalcone synthase, and other 
genes in transgenic plants {ANNEX II). 

17. As described in that review, four kinds of hypotheses were put forward by the 
mid-nineties to explain the different gene-silencing phenomena. 

18. In the first, inactivation of transcription Is postulated due to the physical 
interaction in the nucleus of the duplicated but non-a!lelic sequences. Cycles of DNA-DNA or 
chromatin-chromatin interactions could leave the chromatin or methylation patterns of the 
participating genes in different states which couid consequently interfere with the assembly 
of essential transcription complexes or the binding of the chromatin to the nuclear matrix. 

19. The second hypothesis was based upon elevated competition between the 
increased number of genes for non-diffusible sequence-specific factors essential for ordered 
transcription or translation. 

20. The third hypothesis focuses on post-transcriptional events. It postulated the 
degradation of the specific mRNAs due to the synthesis of homologous antisense RNAs in 
the cell, formation of double-stranded RNAs between the antisense RNA and mRNAs and 
recognition of the aberrant duplexes as substrates for a RNAse. These antisense RNAs 
could be made from an unknown promoter close to the transgene functioning in the 
appropriate orientation, possibly by read-tfirough from a neighboring gene (as initially 
proposed by Grierson, 1991, TIBtech 9, 122-123) or by the action of RNA-dependent RNA 
polymerase on aberrantly accumulated mRNAs. 
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21. The fourth hypothesis postulated the inhibition of transcription and/or 
translation by feedback from a specific gene product that accumulates in aberrantly high 
concentrations in the transgenic plants, through a self-induced, autoregulated control 
system. 

22. The review ends with a "Concluding perspective" section, wherein we 
indicated that from surveying the range of examples of gene silencing, it was clear that 
multiple mechanisms contribute to the observed phenotypes, and that is was desirable not to 
automatically lump all co-suppressfon phenomena into a homogeneous group and attempt to 
find a single mechanism for the observed gene silencing or lack of it. With regard to the co- 
suppression phenomenon associated with chalcone-synthase in petunia, we further 
indicated that the data accumulated to that date pointed to association of the phenomena 
with higher levels of mRNA synthesis and/or antisense RNA, 

23. Thus, at that point, we favored the hypothesis that co-suppression was 
mediated through the involvement of an antisense molecule generated via a unknown 
mechanism from the sense RNA. The antisense RNA molecule could then form a dsRNA 
intermediate with the targeted mRNAs which were thus tagged for degradation, 

24. In February 1998, Fire et al. published a surprising technique for inhibiting 
gene function in C.elegans by injecting double stranded RNAs corresponding to a target 
gene in the small worms (Fire et al., 1996; Nature 391, pages 806-811) Although intriguing 
and efficient, the double stranded RNA hypothesis posed a puzzle of how to reconcile all 
previously obtained data regarding antisense and sense mediated gene-siiencing. As 
indicated in the editorial comment by Wagner and Stam in the same Nature issue {Wagner 
and Stam, Nature 391, pages 744-745, ANNEX III), a lot of questions remained unresolved: 
" Fire and colleagues have uncovered a complex and intriguing mode of regulation in C. 
eiegans,,..Does a similar phenomenon exist in other organisms? What would happen if 
transgenic animals or plants were generated expressing both the sense and antisense 
strands of a transgeneT 

25. It is currently understood that dsRNA is a gene-silencing triggering molecuie, 
(which may be generated during viral replication, or by synthesizing a complementary strand 
on aberrant sense or antisense RNA molecules through the action of a RNA dependent RNA 
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polymerase}. The dsRNA molecule is cleaved by a dsRNA specific RNAse (called Dicer or 
Dicer-like) into smaller dsRNA molecules of 21-24 nt long. The "antisense" strands of these 
smaller dsRNA molecules are loaded onto a RISC protein complex and act as a guidance 
molecule to direct the degradation of the corresponding mRNA. 

26, I will now specifically address the publications relied on in the Office Action, 
Starting with Flaveil (1994), I disagree with the Examiner's analysis (Office action at page 6) 
that this publication discloses ''plants, eukaryotic cells and chimeric DNA comprising an 
operable promoter, transcription termination and polyadenylation region and further 
comprising a DNA region encoding a region capable of forming a double stranded RNA stem 
by base pairing between regions with a sense and antisense nucleotide sequence, which 
sense nucleotide sequence includes at least 10 consecutive nucleotides having 100% 
sequence identity with at least 10 consecutive nucleotides having 100% sequence identity 
with said at least 10 consecutive nucleotides of the sense sequence" 1 cannot find either at 
the indicated passages or anywhere else a disclosure of such structures. Moreover, this 
analysis by the Examiners seems to be contradictory to the Examiner's conclusion that the" 
primary references of Flaveil [..J [does] not teach double stranded hairpin constructs in 
their inverted repeats'' (Office action at page 7, last sentence), 

27. Flaveil reviews four categories of explanation of the gene-silencing 
phenomenon that were proposed around 1994 including 

a. Adaptation of an epigenetic state that affects gene expression 

b. Competition between genes for nondiffusable factors essential for 
ordered transcription or translation 

c. Production of unintended antisense formation and the degradation of 
mRNA sense-antisense duplexes. 

d. Accumulation of higher levels of a specific RNA and degradation of all 
this mRNA species by some unknown mechanism (page 3492, first 
column). 
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Of these 4 categories, only the third one involves the fornnation of a double stranded RNA 
intermediate, however this duplex RNA is proposed to form between the produced antisense 
RNA and the sense messenger RNA and trigger the degradation of the sense messenger 
RNA. Note that in this model the doubfe stranded RNA molecule is thus not made between 
an antisense RNA region and an sense RNA region, different from the target mRNA to be 
degraded. According to this model, the antisense RNA is the pivotal molecule in gene- 
silencing and may be introduced intentionally or unintentionally (via transcription under 
control of promoters outside the transgene or through the action of RNA dependent RNA 
polymerase on aberrant RNA templates). In view of this model, it would not be logical to 
enhance the efficiency of gene silencing by simultaneous introduction of a sense and 
antisense RNA molecule capable of forming a duplex RNA with each other, since this sense 
RNA molecule would "compete" with the targeted mRNA molecule for duplex formation with 
the active antisense molecule triggering the gene™silencing phenomenon. The competition 
would even be more severe if the introduced sense and antisense RNA would be present in 
one molecule, as such intramolecular duplex formation would be favored over intermoiecular 
duplex formation. 

28. Turning to Stam et al,, I also disagree with the Examiner's analysis (Office 
action at page 7) that this publication discloses ''plants, eukaryotic cells and chimeric DNA 
comprising an operable promoter, transcription termination and polyadenylation region and 
further comprising a DNA region encoding a region capable of forming an artifica! hairpin 
RNA structure with a double stranded RNA stem by base pairing between regions with a 
sense and antisense nucleotide sequence, which sense nucleotide sequence includes at 
least 10 consecutive nucleotides having 100% sequence identity with at least 10 consecutive 
nucleotides having 100% sequence identity with said at least 10 consecutive nucleotides of 
the sense sequence" . Again, I cannot find at the indicated passages or anywhere else a 
disclosure of such structures. 

29, Stam et al. review potential models to explain posttranscriptional gene 
silencing. As indicated in the legend of Figure 1, "the key features considered are: the 
production of aberrant transcripts, the activity of host encoded RNA-directed RNA 
polymerase and the production of complementary RNA (cRNA or antisense RNA)". Thus, as 
elaborated with regard to Flavell (paragraph 11), Stam et al attribute a central role in gene 
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silencing to the antSsense RNA molecule. The mentioned repeat structures are not within a 
single gene {as contemplated by the Application) but are with regard to entire transgenes 
which can be in inverted and direct repeat. According to Stam et al. (page 8) such a 
multicopy locus is prone to deliver the hypothetical aberrant RNA which through the action of 
RdRP could yield compiementary RNAs which can hybridize to the (sense) mRNA and be 
degraded. Again, as elaborated above for Flavell, Stam et aL disclose that double stranded 
RNA structures formed between antisense RNA and the sense mRNA can be involved as an 
intermediate in gene silencing but are not described as a triggering agent 

30. Metzlaff et al. is a publication that I co-authored with Ftavelt and others. It 
reports work performed in the iabs of Richard Flavell. !n particular, we analyzed the 
presence of shorter poly(A)- and poly{A)+ RNAs in petunia plants where the 
chalconsynthase expression is reduced through the introduction of a sense chalconsynthase 
gene under control of a CaMV 35S promoter, resulting in white flowers or flowers with white 
sectors. As explained above in paragraph 11, our working hypothesis was that sense RNA 
mediated co-suppression involved generation of an antisense RNA which could hybridize 
with the messenger RNA leading to degradation of both endogenous and transgene 
chalcone synthase mRNA. The model presented in Metzlaff et al, also involves 
complementary RNA, but in the case of chalconsynthase RNA the complimentary RNA is 
inherent in the sense transcript (see discussion last sentence) as the ch$ mRNA naturally 
contains complementary sequences (43 bp which are 80% complementary and are located 
at the 3' end of coding sequence of chs gene and in the 3*untranslated region). It will be 
clear that the last sentence in the abstract concerning the presentation of *'a model involving 
cycles of RNA-RNA pairing between complementary sequences followed by endonucleolytic 
RNA cleavages'' refers to the model schematically presented in Figure 7, where a duplex 
RNA molecule is formed between the aberrant RNA chs molecules and the complementary 
region elsewhere in the chs mRNA to initiate endonucleolytic cleavage resulting in further 
aberrant RNA chs derived molecules, perpetuating the cycle of duplex formation with the 
mRNA and cleaving thereof. 

31. In conclusion, Flavell, Stam and Metzlaff ail emphasize the importance of the 
complementary RNA/antisense RNA as the central effector molecule in gene silencing. I 
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reiterate that accordingly it would not be togicai to enhance the efftctenoy of gene silenoing 
by simultaneous introductton of a sense and anOsensa RNA moiecuie capable of forming a 
duplex RNA with each other, since this sense RNA molecule would compete with the 
targeted mRNA molecule for duplex formation with the active antisense molecule tnggering 
the gene-silencing phenomenon. The competition wouW even be more severe if the 
introduced sense and antisense RNA would be present in one moiecufe, as such 
intramolecular duplex formation would be favored over fntermoSecufar duplex formation. 

32, It is therefore my opinion that it would not have been obvious to one of 
ordinary skifi in the art to derive from the Fiavell, Metzlaff et aL and Stanr et aL publications 
(or other contemporaneous publications in the field of co-suppression in plants) that 
expression of target genes in a ceil can be Inhibited by the mtroduction of chtmeric genes 
expressing sense and complimentary antisense sequences of the target gene (either from 
separate constructs or from the same construct) which can form a double stranded RNA 
molecule. 

33. ! hereby declare that ail statements made herein of persona! knowledge are 
true and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowfedge thatvvilifut false statements and 
the iike so made are punishable by fine or imprisonment, or both, under Section 1001 of 
Title 18 of the United States Code and that such willful false statements may jeopardize the 
validity of the application or any patent issued thereon. 



Date: 
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Curriculum Vitae: Michael Metzlaff 



2008 - Research Liaison Manager Bayer Bioscience 

Management of Researcli Collaborations between Bayer Bioscience and Academia 

2003-2008 Group Leader and Program Leader at Bayer Bioscience N.V. Gent, Belgium 

Administrative tasks: steering and coordination of Bayer's Crop Productivity Research 
Own research: molecular genetics of abiotic stress tolerance, gene silencing/RNAi 

1999-02 Senior Scientist at Plant Genetic Systems N.V., Aventis CropScience N.V. and Bayer 
Bioscience N.V. carrying out research in virus- and transgene-induced gene silencing 

1993-98 Senior Scientist at John Innes Centre, Nonwich, UK, Department of Genetics working 
together with Dick Flavell in the field of plant gene silencing 

1987-92 Lecturer in Genetics at Martin-Luther-University Halle, Germany 
Teaching: Plant Molecular Genetics, Genetic Engineering 
Research: organelle-nucleus interactions in plants, molecular organization of non- 
coding repetitive sequences, molecular marker-assisted plant breeding 

1987 Habilitation (Dr.rer.nat.habil.) in Plant Genetics at Martin-Luther-University 

1983-86 Group Leader at Martin-Luther-University, Department of Genetics 

Research: molecular organization of nuclear and organelle genomes in higher plants 
of the genera Pelargonium, Antirrhinum, Lycopersicon, Beta, Triticum and Secale 

1980-83 PhD student at Martin-Luther-University, Department of Genetics 

Topic of thesis: chloroplast DNA variation in the genus Pelargonium 

1975-80 Studies in Biology at Martin-Luther-University Halle, Germany 

1 954 Born in Genthin, Germany on November 26 



Publications: - approx. 50 publications in peer-reviewed scientific journals 

- contributions to several scientific books 

- numerous invited talks at scientific meetings 

- regular reviewing of thesis, manuscripts and research projects at national and 
international level 



Publication list Michael Metzlaff 



1980 



1. Metzlaff, M., Boerner, T. 1980. Inter- and intraspecific variation of chloroplast 
DNA in Pelargonium. In: Schwemmler, W., Schenk H. E. A. (eds.) 
Endocytobiology - Endosymbiosis and Cell Biology. Walter de Gruyter, Berlin. 



1981 



2. Metzlaff, M., Boerner, T., Hagemann, R. 1981. Variation of chloroplast DNAs 
and their biparental inheritance in the genus Pelargonium. Theor. Appl Genet. 60: 
37-41. 



1982 



3. Metzlaff, M., Pohlheim, F., Boerner, T., Hagemann, R. 1982. Hybrid variegation 
in the genus Pelargonium. Current Genet. 5: 245-249. 



1983 



4. Hagemann, R., Metzlaff, M. 1983. Extranuclear inheritance: Plastid genetics. In: 
Behnke, H. D. et al. (eds.) Progress in Botany 45: 212-227. Springer, Berlin. 



1984 



5. Hellmund, D., Metzlaff, M., Serfling, E. 1984. A transfer RNA arg gene of 
Pelargonium chloroplasts, but not a 5S RNA gene, is efficiently transcribed after 
injection into Xenopus oocyte nuclei. Nucl. Acids Res. 12: 8253-8268. 



1985 



6. Lindenhahn, M. M., Metzlaff, M., Hagemann, R. 1985. Remarkable restriction 
pattern differences between green and white branches of variegated "plastome 
mutator" of Oenothera hookeri. Mol. Gen. Genet. 200: 503-505. 

7. Hagemann, R., Lindenhahn, M. M., Metzlaff, M. 1985. Extranuclear inheritance: 
Plastid genetics. In: Behnke, H. D. et al. (eds.) Progress in Botany 47: 208-227. 
Springer, Berlin. 



1986 



8. Baldauf, F., Troebner, W., Steiner, K., Fritzsche, K., Metzlaff, M. 1986. 
Molecular evolution of plastomes of different higher plants - Plastid-DNA 
polymorphisms and cross-hybridization. Acta Biotech. 6: 41-42. 

9. Hause, B., Baldauf, F., Stock, K., Wastemack, C, Metzlaff, M. 1986. Molecular 
analysis of mitochondrial DNA from tomato cell suspension cultures. Curr. Genet. 
10: 785-790. 

10. Metzlaff, M., Troebner, W., Baldauf, F., Schlegel, R., Cullum, J. 1986. Wheat 
specific repetitive DNA sequences - Construction and characterization of four 
different genomic clones. Theor. Appl. Genet. 72: 207-210. 



1987 



11. Eck, R., Lazarus, C. M., Baldauf, F., Metzlaff, M., Hagemann, R. 1987. Sequence 
analysis and Escherichia coli minicell transcription test of Pelargonium plastid 5S 
rDNA. Mol. Gen. Genet. 207: 514-516. 

12. Fritzsche, K., Metzlaff, M., Melzer, R., Hagemann, R. 1987. Comparative 
restriction endonuclease analysis and molecular cloning of plastid DNAs from 
wild species and cultivated varieties of the genus Beta (L.). Theor. Appl. Genet. 
75: 589-594. 

13. Hagemann, R., Hagemann, M. M., Metzlaff, M. 1987. Extranuclear inheritance: 
Plastid genetics. In: Behnke, H. D. et al. (eds.) Progress in Botany 49: 245-263. 
Springer, Berlin. 



1988 



14. Junghans, H., Metzlaff, M. 1988. Genome specific, highly repeated sequences of 
Hordeum vulgare: Cloning, sequencing and squash dot test. Theor. Appl. Genet. 
76: 728-732. 

15. Steiner, K., Baldauf, F., Metzlaff, M., Hagemann, R. 1988. Comparative 
transcription analysis of higher plant plastome mutants. Curr. Genet. 14: 171-176. 



1989 



16. Dobrowolski, B., Glund, K., Metzlaff, M. 1989. Cloning of tomato nuclear 
ribosomal DNA. rDNA organization in leaves and suspension-cultured cells. Plant 
Science 60: 199-205. 



17. Hagemann, R., Hagemann, M. M., Metzlaff, M. 1989. Extranuclear inheritance: 
Plastid genetics. In: Behnke, H. D. et al. (eds.) Progress in Botany 51: 237-250. 



1990 



18. Metzlaff, M. 1990. Gene cloning, hybridization and sequencing techniques. In: 
Hagemann, R. (ed.) Gentechnologische Arbeitsmethoden. Akademie Veriag, 
Beriin. 

19. Boblenz, K., Nothnagel, T., Metzlaff, M. 1990. Paternal inheritance of plastids in 
the genus Daucus. Mol Gen. Genet 220: 489-491. 

20. Junghans, H., Metzlaff, M. 1990. A simple and rapid method for the preparation 
of total plant DNA. BioTechniques 8: 176-177. 

21. Schmidt, T., Junghans, H., Metzlaff, M. 1990. Construction of Beta procumbens- 
specific DNA probes and their application for the screening of B. vulgaris x 
B.procumbens (2n=19) addition lines. Theor. AppL Genet. 79: 177-181. 

22. Schubert, V., Bluethner, W. D., Metzlaff, M., Junghans, H., Schlegel, R. 1990. 
The presence of four cloned highly repeated DNA sequences from rye in Poaceae 
species and various chromosomal manipulated wheat lines analysed by squash dot 
hybridization. Biochem. Physiol. Pflanzen 186: 125-133. 



1991 



23. Metzlaff, M. 1991. Terms in Molecular Genetics. In: Schlee, D., Kleber, H. P. 
(ed.) Woerterbuecher der Biologie: Biotechnologie. Gustav Fischer, Jena. 

24. Metzlaff, M. 1991. Genetic engineering and Plant Breeding Research. In: 
Hagemann, R. (ed.) Ergebnisse und Trends der Gentechnologie. Akademie 
Veriag, Berlin. 

25. Schmidt, T., Metzlaff, M. 1991. Cloning and characterization of a Beta vulgais 
satellite DNA family. Gene 101: 247-250. 

26. Schmidt, T., Jung, C, Metzlaff, M. 1991. Distribution and evolution of two 
satellite DNAs in the genus Beta. Theor. Appl. Genet. 82: 793-797. 



1992 



27. Baldauf, F., Schubert, V., Metzlaff, M. 1992. Repeated DNA sequences of 
Aegilops markgrafii (Greuter) Hammer var. markgrafii: Cloning, sequencing and 
analysis of distribution in Poaceae species. Hereditas 116: 71-78. 



28. Schmidt, T., Boblenz, K., Metzlaff, M. 1992. Satellite polymorphisms and 
genome diagnosis in the genus Beta. In: Kahl, G. et al. (eds.) DNA-polymorphisms 
in eukaryotic genomes. Huethig, Heidelberg. 

29. Kudla, J., Igloi, G. L., Metzlaff, M., Hagemann, R., Koessel, H. 1992. RNA 
editing in tobacco chloroplasts leads to the formation of translatable psbL mRNA 
by a C to U substitution within the initiation codon. EMBO /.II: 1099-1 103. 



1993 



30. Schmidt, T., Boblenz, K., Metzlaff, M., Kaemmer, D., Weising, K., Kahl, G. 
1993. DNA fingerprinting in sugar beet (Beta vulgais) - Identification of double- 
haploid breeding lines. Theor. AppL Genet 95: 653-657. 



1994 



31. Baldauf, F., Belter, J., Horn, U., Krug, M., Metzlaff, M., PoUey, A. 1994. Cloning, 
expression and immunological detection of a beta-galactosidase-beta- 
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1 Introduction 



The gene silencing phenomenon to be discussed here, initially termed "co- 
suppression" (Napole et al. 1 990; Vam der Khol et al. 1990; Johgi^nsen 1 990), was 
observed in purple-flowered petunia plants genetically modified by the introduc- 
tion of DNA containing a chalcone synthase coding sequence under the control of 
the strong CaMV 35S promoter and the 3' end from the nopaiine synthase gene 
of Agrobacterium, The selectable marker gene consisting of the coding sequence 
for neomycin phosphotransferase under the control of nopaline synthase prom- 
oter and with the 3' end from The octopine synthase gene was also inserted on the 
same T-DNA. These genes were introduced into petunia cells via the transferred 
portion of the Ti plasmid of Agrobacterium tumefaciens (i.e. the T-DNA). 

Chalcone synthase is a key enzyme in flavonoid biosynthesis and, therefore, 
in pigment production. These pigments are synthesized intensely in the epider- 
mis of flower petals, but also to lesser extents in many other parts of the plant 
including the anthers. Pigment production es cell-type specific. Chalcone syn- 
thase gene expression is transcriptionally regulated but separate post-transcrip- 
tionaf effects have been described that influence the pigmentation pattern in 
flowers (MoL et al. 1983). In petunia, chalcone synthases are encoded by a gene 
family (Koes et al. 1989), and the cDNA used to create the new transgene was 
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nam the chalcone synthase A (CHS A} aiiele responsfeie fo.most of the rh:3teonc 

d^"e?"^a '' Surprising p!^enoCe^;e p" 

du.eo .rw. a very nigr, proportion of the fast famiiy of primary ransfor'TianK 

vv^f ..ttf v4.i e t d:. J 9c"}0). ! nts was interpreted to tmniv ^h-^t i-hn :.^^>v^.^ j: ' 

new chalcone synthase gene had ca.Ld S'n moS '^^T H^^^^ 

6yn.hd^9 genes in the white petal sectors, This interpretation was c-o^ ^Z 
suppression phenomenon Po.s..a.. 1993b, 1994, and u np ufcJiih^S,u Its) " 



2 Co-suppression and Plant Development 

The fiower phenotypes showing co-suppression have been ciassif .Pd on the ba^i. 
Of tneposrtion and exterit of pigi.,entation in the flowers (Jo^.^^^ll^mit ?h s 
c:ass.f,cation .s n.eaningful because phenotypes are character s^k. fo';aS^ 5 
.rans.-of rnants even though new vasiants may arh^ a<5 f^occ-ihe^ h >n .■«'-.c,u.«, 
the Phenotypes are shown in Fig 1, They ringe ^^^m ^^mJitSt;"^^^: 
Pigment production is suppressed rn ali parts of the fiowet co^^ J^d 
anthers~~to other patterns wher-o the white seqments are srn. hor^^^J ' 
the' pignient ess sector ;s ron-fino-f t.-> tK.. + i- ■ . '-^ ^^''O pattein 

extend iustn" -irJ .'-^ = tube ana the anthers, but froauentfy 

cxieno„justouu,ioe..,ea(DQandtoagreater extent on the Irnve.-Det-is !rnfh-I 
Pigmertt ioss occl^s ii. si-nali sectoi-s along the veins andA)r oe^^K' " a^^^h^^ 
p.Uerr. pigment ioss is orientated aiong the edges of thn oetaK ' The '^^i^ 

, ... oi.othei .,er es of plants, the w!i,te sectors are smai! and disoersed ^jcns^ th^ 
t^ovver in oompiex patterns. Ail these patterns point to inhereJSn S ^^^S^C 

.-HT-h -.^ f:^>.>c. - f-oj-.-^.. lg da.r>,teutural matures of petal sh:-inp 

peta. to a... p,es«nce of tna i-ran.sgene, and these i-esponses m-r. different fron-^ 

Smm;;i!^::r ' also require ir.erceilufar 

p.n:;s,tss^s= 



sible for most of the chaicor^^j 
ising phenoiypes were pro- 
>My of primary transformants 
ome plants were cornpleteiy 
ipiy that the introduction of a 
ss oi most or ai! chaicone 
i the endogenous chaicone 
tterpretation was confjrmed 
^ pigtTient and the very bw 
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lent 

? been ciassitied on the basss 
5rs ^Jo^^G^?^Js;^^i 1 993a, b). This 
; characteristic for particular 
s described bebvv. Some of 
m Gompletely white where 
^ fiower-— ^ube, cofoHa and 
its are smaH. In one pattern 
the fjnthers, but frequentiy 
n the lower petals, in others 
and/or petal tips. In another 
s of the potass. The areas 
ypes (Napou et af. 1990}. !n 
all and dispersed across the 
» inherent features of flower 
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:it1denticaiiy) from petal to 
sponses are different from 
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fi^^ 1 , t^iowor palt?;fns losivUing imn^ si^s^Elbti of th!^> tranrsg^:"!^^ corsSif^tii-y of tho cocino seauenc^^ of 
Ci iS Ai^f^der oo:>tfcS cf the CsiMVeSS promoter {^b^^ comiryer^fan oi th^y fig^ije or; the backcov^>r). 
Th© u^'i'^:!isfori-n6d pcir^inx has oniy pi,!fDSB TiovvBrsrF'h-jnotype-; koir\ sop rrifddN^ rouf^d to botion-; Seh 

<;tippf?;ssiop from !cws>? D^tai i^ji-^ctiCins. c<>-supr>fess;op sfoiig peiai vesps 

Van Bi,0KiAND 1994). From the principies of flower design, one can assume that 
the archjtoctural basis of the patterns is not caused by the transgene bui Is an 
inherent feature of flower development, i-iowover, elements of this feature 
somehow interact v/ith the transgene or ite product to produce the obeerved 
patterns, and different versions (states) of the transgene interact differently to 
create the different patternsiJo^^Gi:rjS£;N 1993a,b). 

The observation that many transgenic plants display a characteristically 
patterned flower phenotype, based on the patterjis of co-suppression, irnpiies 
that the 'state' of the transgene is sornaticaiiy inherited When the meiotic 
inheritance of transgene effects on flower phenotypas was examined UoRCuNStN 
1993b and unpublished), several outcomes were noted, in many cases, the 
phenotype bred true and is thus germinally stable. In other plants examined, a 
new range of somatically inherited phenoiypes was observed. For example, from 
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a backcross between a white tran^formant cornainlng two tandem copies of the 
new genas and lis untransformed parent, many phenotypes were obtained 
^nc^ud!^g f uify purple, f uiiy white and various pa aerned types, in these, cases the 
phenotype based on the fbrai positions of ce}h showing co-siippression is 
gern^lnally unstabie and the transgerm presumabsy siters its state. Thus a cari be 
conekjded that a given tmnsgene can exist in different epiaiieiic states, and these 
states can change dur-ng niefosis or early embryonic deveioprnent \JoRGE^^;s!l^^ 
1393:b}. Occas^onallv ^ laterai brands emerges that displays a different flower 
pneootype with more or iess pigrnentatbn. and the variation inherited, irnplying 
tiiat a char^ge has oocurred in the 12 fayer of ceiis in the flowers (Jo=^s&!?isi: 1^1994 
and personal commursicatlon}. 

Petunias prodifce flowering branches froiYi organised groups of cel^s 
{meristeois? in the axiis of leaves or on the flanks of meristenk A genetscaiiy 
different branch results if iho group of cells in the vr^emt&rr^ flank becorr^es 
nioditiod. OccasionaHy single variant flowers, gradients of plienotypic change as 
a branch ages, md siniultaE^eons changes in different branches have been rioted 
UomBiS^H 1 994) irnpiying that changes can occur in any flora! n'ionstern. Because 
the inherited L2iayer and the L1 layer in which apidern^ai pigr^ient Is produced sre 
separate aevei^opnienia! lineages of cells, it is reasonable to consider the possibih 
ii:y that the ohanges in transger^e state behind pattern changes occur in many ceils 
of a rrsenstem essentiany simultaneously. 

The remainder of this chapter deals with the ongins of the ofgn-*ent!ess 
phenotype created by the insertion of the CHS A 
cor^trol of the CalvIV 35S promoter. 



coding se^:!L^ence tinder the 



3 Hypotheses to Explain Gene Sifencing 



Numerous examples are known, in at least six plant species, where gene 
inactivatior^s results from the introduction of addrtionai homologous sequerx^es. 
These have been reviewed elsewhere UQmm:^m 1930. 1991, 1992: Moi et'ar 
1991; KooT^H and Mol 1993; Matzk;!; ana Matzk^- 1993; Maizki, et a},^r993 - A>;sAAn 
et aL 1993. Vauch^f-t 1 993; Go:^:Ng et af 1991; Mi^v^R et ah 1933; Gf^irR-^ON et al 
1991; FiAVBi. 1994; hk^vr et ai. 1992; hAB^e 1989; f^Bm and Kan^ 1994^ and in 
other chapters in thrs book (for example see Hamilton et a.l. and de Lanoe et al.. 
this volume). They will not therefore be discussed extensively here. However, it 
should be noted that no single mechanism can explain the variety of examples 
where loss of gene expression has occurred. 

hour kinds of hypotheses have been put forward to explain the diversity of 
gene Sffeficing phenomena. In the first. Inactivatbn of transcnption is postulated 
due to the physical interaction (ectopic pairing) sn the nucleus of the duDlicated but 
nomallehc sequences (loci). Cycles of DNA-DNA or chmniatin--chromatiniiitcrac- 
tions {see Fig. 2} couid Jeave the chromatin structure or rnethylation patterns of 
the participating genes in different states which could consequently interfere wrth 
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Nucleus 




Feedback 
iinkage? 



Ftg. 2. Cellular i:»rocesses lelevafit Lo models far gene silencing. The network of prc lranscnpisonal 
events iilustrates how the strLicuite of dftcondensed chromatin, the substrate for tran^crjption, can be 
modified by various sorts of changes including cytosine methyfation and interact tons with homologues 
Encluding transgenes, The changes could modify decondensed chfomaiin such that it does not bind 
properly to the nuclear matrix or btnd transctiption complexes cfficientiy, After "normal" transcnption 
niRNA fs processed, capped and i:)oSYdenylated in messenger RNA nuciear protein particles [n-^RNPl''^ 
whsch are then exported from the nucleus and the mRNA Eraslated on nbosomes. Where gene sjlencing 
IS post transcnptiona], transgene mRNA processing. spltCEng. capping or polyadenylation could be 
aberrant, thereby leadtng to synthesrs of aberrant particles [mRNPr. These might not be translated 
efficiently and may be "substrates for RNoscs. They may al&o be substrates for antisense RNA 
formation. U^ any event they do not give nse to protein product. There es the possibiHty of aberrant mRNA 
production influencing transcription. Further detaHs are described in the text 
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3earch.>g ^o!e:s^^n^;^:,-^^^ DNA homology^ 

homology searching processes {Habr: et ai 19q' ) h Om« f ' h 
exarnpies Where expression ofagenei',lu;n'ei^ 

another specific gerre after ^ome hnd of lo-w h ^ presence of 

consequentialiy ait^j-erf J ^^^.^^ i!!^J^ ''^"^''"f^^on complexes. The 

r ., ■ ' -•-'-leu crirofnciiin, sometimes heteri-.rhrnrp'ifi,- -to-^ ^ . 

by other avents ?T.=rr-. ah i^^:" ^ ""^^^''-^^'^V ^nt-=er,t8d wher, not disturbed 

..ore^; -^^Si?:^^^^ -^--ed compehtion between the 

for ordered transcnpSn :;t^,5S:n ^pecfJc factors esser:fei 

RNAs the cell iorrr^aUo^^ty^^:^^'^^^^^ 

RNA anri ™^a^fA,- , h ^5'-UK.,e-s.t,«nded hhjAs between the antiseF>-5p 

RNA. could hernade..marHiS^^^^^^^^ 

-ng in the appropriate onontar^on, possiblv ^ m^Sh^;^^^,^;?^ 

gene or by the action of RNA-dependen-^ Z^.^t neighbouring 

fared mRNAs (L,.cbo er 7 ilST:-'^^^^''''^ ''^ 

plant cells. ' ^^^'^ '^«er enzyme exists in 

The fourth hypothesis postuiate.^i the inhih^fn-m of +,->.•■ . 
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4 Mechanisms and Hypotheses for Co-suppression 
of Chalcone Synthase in Transgenic Petunias 

We now consider the petunia chalcone synthase case in the iight of these 
hypotheses, Throughout this discussion, it is relevant to bear in mind that not all 
transgenic plants containing CHS A transgenes display co-suppression in the 
petals, and that in sonne plants only specific segments of petals show co- 
suppression. A^so, it is important to remember that inherited somatic and meiotic 
changes can occur to influence the extent to which co-suppression is observed, 

In the process of making the transgenic plants, it can be expected that 
different numbers of T-DNAs become stably inserted into different petunia plants 
and display different structures. Tandem arrays of T-DNAs arc common, as are 
copies inverted with respect to one another. Genetically unlinked T-DNAs. also 
accumulate. Thus plants with different numbers of active genes are likely to be 
produced, as noted in other studies on transgenic plants {Hobbs et al. 1993; 
AssAAD et al. 1993; Scheid et al, 1991; Linn et al. 1990). It wif! be important to 
investigate thoroughly whether the structure of T-DNA inserts influences the 
extent of co-suppression and the kinds of flower pattern produced. Van Bloklanfj 
(1 994) has concluded t[iat phenotypic effects of CHS A transgenes are correlated 
wiHi Ihe preser^ce of inverted repeats of T-DNA. 

Where there are multiple copies of the chalcone synthase transgene then the 
copies might interact (see Fig. 2) to silence transcription of one another and the 
endogenous CHS A genes. Such silencing has been recorded for several sorts of 
transgenes (PciAcr-i and Velten 1 991 ; Assaad et al, 1993; Hobbs et al. 1990, 1993; 
Ei-KiNDetal, 1990; Lmu et al. 1990; Matzki^ etal. 1994b; VAUCHf^REi 1 993). Inverted 
repeats seem to be more frequently associated with transcriptional silencing 
(HosBS et al. 1993). How such physical interactions occur is unknown, but they 
may be the means whereby one or more of the duplicated sequences gain some 
methylated cytosines. No evidence for silenced CHS A genes becoming routinely 
methylated has yet been obtained in investigations of several sites within the 
coding sequences and promoters. 

There ts evidence, however, that in some transgenic petunias, CHS A 
transcription is not blocked in petal cells showing loss of pigment. Run-on 
transcription assays on nuclei from Isolated purple and white petal sectors from 
the same plant show similar levels of CHS A transgene and endogenous CHS A 
transcription (Van Blokland 1994). Furthermore, similar levels of unprocessed 
nuclear endogenous CHS A transcripts have been detected in flowers of some 
co-suppressed and non co-suppressed variant plants in our laboratory and in that 
of Mol and co-workers. The levels of RNA transcribed in isolated petal nuclei are 
not correlated with the extent of chalcone synthase suppression (Van Blokland 
1994; KooTEn and Mol 1993; Mol et al. 1991). These details are reviewed in 
another chapter in this book (de Lange et al,, this volume). We have also found in 
some plants that white flower sectors retain high levels of CHS A RNA, mal<ing it 
likely that post-transcriptiona! losses of functional mRNAs are the cause of or a 
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major contributor to the co-suppression phenotype Studies of mactivation of 
some other transgenes in plants have also concluded that the inactivation is post- 
transcnptionaMS-v^iTH etaL 1990a;DJi CARVALrio et al. 1992; B^iEeXai. 1992' Mp-ns 
and KuNz 1994), ' ' ' ^ 

In plants where tfan^jcription of the CHS A transgenes is not blocked but 
steady state functional mRNA me very low, then a mapr cause of co- 

suppression oould be accuniulation of excess ievess of antisense RNAs to the 
CHS A mRNA, doubb-stranded RNA formation and degradation of the duplex 
RNA (thjrd hypothesis above). The presence of antisenso RNA to chaicone 
synthase has been investigated in transgenic petal tissues differing in co -suppres- 
sjon. re. purple and whte. Of the particuiar variants studied by us, most wero 
derived from the same transgenic parent and possess two copies of the trans- 
gene in inverted orientatioh. Reverse transcriptase and primers soecific for 
sntisense RNA were used to make DNA copies of RNA in RNA extiactslsoiated 
from white or purple sectors. Antisense chaicone synthase RNAs were foijnd in 
both white and purple flower sectors but only in transgefnc plants. It is, therefore, 
concluded that the antisense RNAs are due to the transgene. The finding that 
antisense chaicone synthase RNAs are in both white and purple sectors suggest 
thai if antisense RNA is essential for the loss of mRNA and gene expression in 
this genotype, tt is cieariy insufficient. Similar conclusions have been drawn bv 
Mol and co-workers (de Lange et al, this volume; Van Bloklano 1 994) who used 
other assays to detect antisense RNA. 

How is antisense RNA prodisced fron^i the transgene. vvhat is its structure, 
and how does it function? These irnportent questions still have to be exarnined 
experirnentai!y. It will be necessary to examine n sany dfffereni transgenic piBnts 
witii different nun^bers and kinds of transgene structures slr^ce it is not clear how 
antisense RNA could be produced so efficiently in ail transformants (JoRGt-ns^N 
1991). Where antisense RNA is not transcribed horn defined genomic promoters 
it could Deformed by an RNA-dependent RNA polymerase using sense rviRNA as 
template (LiNOBO et ah 1993; FLAViTLL 1994K 

On simple considerations of how antisense RNA interferes with sense 
mRNAjt wouid be assumed that the higher the antisenseto sense RNA ratio, the 
iTiore efficlerrr would be the loss of sense gene exprassion. Some data in plants 
to support this have been produced (Smuh et aL 1990b; hiAfv^iiTOh^ et i^l. 199G; 
CANNo^^: etaL 1990; RoB::r;retaL 1989; VAhom Ma^R etai. 1992). Howevec there 
are many reports of discrepancies between the relative levels of antisense RNA 
transcdpts and loss of sense gene expression (reviewed In de Lange. this volume; 
CAN^;o^^et aL 1990; Svockhaus etaL 1990; Van UE^irKRot et ai. 1988). VAn BumLAiNn 
(1994) iou\-)6 in petunias transger^lc for chaicone synthase that antisense tran^ 
scrlption couki be high in the absence of co-suppression or vjce verss. If antisense 
RNA is the cause of degradation of CHS A rnRNAs, but overall steady state or 
transcription levels of antisense mRNA do not correlate with co-SL^ppressjon h 
must be a small fraction the antisense RNA that is critical, and thss fraction 
rtiust have efficient access to the unprocessed primatv RNA transcripts or 
mRNAs formed after processing, capping and poly-A tail additions. This implies 
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that the variation in co-suppression in transgenic plants that makes antisense and 
sense RNAs couid involve variation in the accessibility of antisense and sense 
RNAs to each other in the nucleus or the cytoplasm (see later). 

Post-transcriptional loss of CI IS A gene expression and pignnent production 
could, alternatively, be due to the accumulation of excess levels of CHS nnRNA 
and the consequential induction of an niRNA-specific process, that is able to 
catalyse the inactivation and/or degradation of transgene and endogenous CHS A 
mHNAs (fourth hypothesis above), This hypothesis includes the notion of critical 
localised threshold levels of mRNA in a celL Where mRNA levels are below the 
threshold, purple pigment is produced; in contrast, when the level is exceeded, 
active mRNA is lost and no pigment is produced. There are several predictions 
from this modeL 

1 . In plants where all flower epidermal cells lack pigment, the threshold mRNA 
concentrations are likely to have been exceeded in all cells of the plant. This is 
as observed in many white flowered plants where levels of transgene mRNA 
are very low in stems and leaves, as well as flowers (Napole et al. 1 990; this 
laboratory, unpublished). 

2. In plants which have purple flowers with white sectors, the levels of localised 
active mRNA is likely to be higher than that found in plants that make only 
purple fioweis. Tfiis is because in such plants small increases in the [eve! of 
mRNA accumulated would exceed the threshold more readily and thus lead to 
the pigment loss. Some evidence has been gained to support this hypothesis 
in that the levels of transgene CHS mRNA accumulating in leaves of trans- 
genic plants with purple and white flowers is greater than in leaves of 
transgenic plants forming only purple flowers (unpublished results). 

If localised mRNA concentrations are the determinant of the post-transcrip- 
tional trigger for co-suppression, then the critical parameters affecting co- 
sLippression would be the rate of transgene transcription and/or changes in the 
efficiency (rate) of mRNA transport through the nucleus, of export through the 
nuclear envelope, of binding to the ribosome and of translation. Changes in flower 
pigment production due to different levels of translatable CHS A mRNA could 
therefore come about through (a) pre-transcriptional events including changes in 
the [gvgIg of transcription factors, restructuring of chromatin, (and/or) changed 
cytosine methylation to affect the affinity of the transgenes for transcription 
complexes as noted earlier (see Fig. 2), and/or (b) changes in the rate of mRNA 
transport, etc. The latter could result from the transgene altering its position in the 
nucleus with respect to nuclear transport channels and the supply of protein 
components of the mRNPs essential for correct mRNA processing, transport and 
export (Flavlll 1 994). FurLherrnore, aberrantly high levels of mRNA in the nucleus 
mighi iead to mRNP particles with a different complement of proteins {Wolfpi^ 
1994) from those formed when the CHS genes are optimally transcnbed for 
mRNA processing and transport and when nuclear mRNA levels are much lower 
(see Fig. 2). Such modified mRNPs might not make the mRNAs available for 
translation. 



^ A g.ovvmg numoer of proteins are known that bind to mRNA and prev.-nt 
.^..^^ ,on: as part or specific reguSatory niechan.sms. The studies orUhe^ibiqu=- 
taus Y box proteins and the FRG Y proteins of Xenopus oocytes in pa^ticLir to 

: ^^^^^ '^-'^'^'"9 Y box sequences in am<^ 

p™n,o.ers irev.ewed ,n Wo.r.e 1994). They also stim.iate mRt4 synthe.i/ 

J-???::;' 't'^^'r' ^^^^^^"^ motifs, frg y2 iar^^e^j;;:^^^; 

to-^X ..h T ■^"'o^'^''' imrn,,,oSocalrsecl to nascem transcripts or. 

lampbfush chron.osornes (So^.^,.RvULr■ et ai. 1993}. These obse'va'.on. are 

S^S^^S! 5"" '"^^ Pactesing ^.R^iA ,n the nucS^;,^ 

son, enow hukmg the competence of the mRfsiA, for translation with its tran.criD- 
tion (B.H.v.r and Wo..., 1994), Recruitment of some other hetic^^So ^ 
n..ctear {hn, KNP proteins on to pre-rnRNA ,s aiso dependant ont^nscn^S 
ha 5 and 0..v..ss 1 992), and there ts a grow,r.g fist of euka.votio oro e n 

B::2;;?v;s:;^eS."""""'™ ^^^^^^^^^ ^ 

, *f protein-based reguiatory systems linking transcription, mRNA packaq.nc 
ana mRNAtranslatabiiity are presem in piants, then they might bo resp^^Se S 

fio.n the CHS A transgenes, ft :,s aiso possible that they could lead to ■.hi.t 
down of transcription. This vvhoie ar^^-a of niu-iAtr hir,!,..,- ■ -1= / 
^.^.ext of i n«erstand,ng how aberrant active ChiS A transgenes can promote 
tos^ P^grnent proa.ctio.. in flower petafs. Wf,ile it is possiWe to intagine i^ow 
.-nRNA f,om an aoerrantiy located transgene might be seaue^te.-ed into -n 
uj^^verrvRNP structure, how would this affect rtS^NAs from t^^l^^J^^J^ 
..HS A genes? Remaps the protein-mediated regolatorv systems coi^d ai^^ 

cS^^lSr^'"'' i^o^T,oiogous mRNP complexes and ;eg^Se:'S 

CHb A RNAs into a,t>errant mRNPs 

rate, o: mRN^ iOaturation in the r^uoieus and/or translation, how are they 
degiacear lr„s could fesuft fi-om the aben^nt mRNPs beino reoonnised bv 
hNases and the RNAs consequently degraded (Sachs 1993; S.^t.^^and S^"' 
199o;^ Aflemativeiy, antiser.se RNA oouid be produced on the'aorur^iit;; 
niRNAtempiates by RNA-dependent RNA polymerase, and thes^doubteS aS 
amSn '""'f sr Jsequentiy degraded. Cycles of RNA production of both 
antfsense and sense RNAs couid emerge from this prooess to provide a 
au oc^iytic system foi- the production da RNAs. Any such ant«iS S.As 
cou.d, of course, expiain kiss of both transgene and endogenous CHS A mRi'MAs. 



5 Concluding Perspective 

From sraveying tf.e range of examples of gene silencing, it ,s clear that mnitipi. 
mecnanisms contribute to the observed phenotypes and .n some examples 
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mechanisms resulting In inhibition of transcription arc niajor deternninants, while 
in others post-transcriptional events occur. This diversity of nnechanism may also 
appear between plants genetically altered by insertion of the sanne or related 
transgenes, but at different sites, in different arrangements and with different 
effective promoter strengths. Thus it is desirable not to automatically lump afl 
petunias involving CHS A transgenes mto a homogeneous group and attempt to 
find a single mecharissrii for the observed ger^e silencing or lack of it. 

The scenario described above for the post-transcriptionai control of chafcone 
synthase silencing may also be combined with, or lead to, variable patterns of 
transcription silencing in different genotypes. The data accumulated to date point 
to association of the phenomena with higher levels of mRNA synthesis and/or 
ant^sense RNA, and it has been argued that there are probably more than orie 
cellular pool or RNP package for each of these molecules, The fact that sense 
mRNAs, may exist in different RNP pools and packages implies that we need to 
look for the different structural forms that may have different stabiltties and 
opportunities to associate with ribosomes and be translated, Similarly we need to 
investigate whether different antisense RNPs exist. 

If only one of the antisense RNP pools is available to interact with only one of 
the classes of sense mRNP, then the interacting classes are likely to be degraded 
in co-suppressed tissues, while other classes or pools might not be. Such 
discoveries might help explain the lack of correlation between antisense RNA to 
sense mRNA ratios and co-suppression phenotypes in different plants and 
tissues. 

Hypotheses that propose the formation of different mRNP packages from 
active transgenes in aberrant nuclear positions and the production of pools of 
ar>tisense RNA in some cases offer the following sorts of explanations for the 
origins of purpfe and white flower sectors: in transgenic plants where CHS A 
transgene transcripts are efficiently processed, packaged and exported then 
aberrant inRNPs would not accumulate and so co-suppression would not occur. 
Such plants would have purple flowers. If antisense RNPs were produced in such 
plants, the antisense RNA might not be accessible to the sense mRNPs and so 
Uie flowers woLild be purple. If, however, transgene mRNA were processed, 
packaged and exported inefficiently, due to the location or other features of 
transgene chromatin, then critical levels of nuclear mRNA would be exceeded, 
packaging could be aberrant and a different mRNP structure for all CHS A mRNAs 
might result. Messenger RNA in this structure might not be translated, or might 
be accessible to RNases and antisense RNAs or to RNA-dependent RNA poly- 
merase that makes antisense RNA. Any of these would result in the formation of 
white flowers. 

These ideas are testable and imply that switches in pigment production 
during transgenic CHS A plant development could result from (a) a change 
in nuclear position of the transgene; (b) a change in transcription rates (these 
would constitute inherited changes in state of a transgene); (c) a change in cell 
physiology influencing nuclear processing, RNA packaging, export and mRNA 
translatiori rales; and/or (d) a cfiarige in antisense RNA synthesis. Variation in such 
paran"^eters would not be surprising during rnerlstern developmervL, growt^i in 
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n;i[iit'd after tiie place of its invention iii 
Cugf ne, Oregon. The model is a .set of three 
piirtial diffcrentiaJ cquiUions that describe 
the reaction-diffusion process. Showalter 
iind colleagues added a term to account for 
the photosensitive generation of bromide 
ionst and predict wave propagation patterns 
remarkably similar to those observed in the 
experiment. Before this experiinent, STSR 
hud been studied only theoretically or by 
niimcricaj or electronic siiriviiation in one- 
dimensional sets of coupled**'^ and uncou- 
pled" elements, and in two-dimensional 
arrays of threshold elements^. But those 2D 
simuiataons, in spite of their simplicity, 
mimic all the features of the present experi- 
nient. 

The implications of the present experi- 
ment extend far beyond chemical dynamics. 
Spiral waves, spontaneously generated by 
noise, have also been simuJaleJ with the 
Oregonator (Fig. !b). They are strikingly 
similar to recent observations of noise- 
initiated and sustained long-range coherent 
waves of calcium ions in cultured brain 
tissue'^ (Fig. Ic) indicating a similar under- 



lying dynamical process. The possibility that 
calcium waves transmit arco{>rdinatc tnfor- 
marion ovcrcentimetre distances in [jtial cell 
networks (that is, in the brain) has already 
been suggested, but the role of noise 
remained obscure. Now that noise-sustained 
spiral waves have been observed in a well 
characterized chemical system, we can spec- 
ulate that spatiotemporal noise may be an 
important feature ofthc brain's working. □ 
['r^uik Moss is (It ihe Center for Neurociynamns, 
Univf^Tsity Missouri at St Louis^ Si Louis, 
Missouri 63121^ USA, 
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Double-stranded 
poses puzzle 



RNA 



Richard VU, Wagner and Lin Sun 



The human genome is predicted to 
contain between 50,000 and 100,000 
genes*. To work out what these genes 
do>an array of techniques is needed to evalu- 
ate the protein-protein interactio ns and b io- 
chemical pathways of any gene product. The 
nematode worm Caenorhabditis elegans is an 
excellent system for such studies because of 
its well-understood genetics and develop- 
ment* evolutionary conservation to human 
genes, small genome size and relatively short 
life cycle. The lOO-megabase-pair genome 
will be completely sequenced this year, and a 
total of 17,000 genes have been predicted, 
many with human counterparts. Approach- 
es used to manipulate gene expression in C 
elegans include transposon-mediated dele- 
tion^> antisense inhibition^ and direct isola- 
tion of deletions after mutagenesis"*"^. 
Although these methods have proved useful, 
limitations still exist. 

On page 806 of this issue. Fire and col- 
leagues* describe a remarkable and surpris- 
ing technique for inhibiting gene function in 
C. ciegans. They turned off a specific gene in 
progeny worms by microinjecting double- 
stranded RNA (dsRNA) complementary to 
the coding region of the gene into the gonads 
of adult animals. Using a well-characterized. 
genCi unc~22, which encodes a non-essential 
myofilament protein^ they showed that 
injection of dsRNA produced a phenotype 

744 



characteristic of wnc- 22 inhib ition — twitch- 
ing. 

In a series of well- controlled studies^ the 
authors also found that injection of dsRNA 
targeted to a reporter gene for green fluores- 
cent protein resulted in a dramatic — and 



specific — decrease in protein production, 
l-urthermore, when they injecied dsRNA 
targeted Xo another gene^ the result 

W(iS a loss of mex-3 RNA in early-staire 
embryos. In other words, at the levels of 
phenotype» RNA a)id protein, the inter- 
fcrence with gene expression was specific 
and reproducible. 

Perhaps most astounding is the phenom- 
enon that the dsRNA causes gene inhibition. 
Previously^, Fire and co-workers had been 
puzEled by the fact that antisense RNA alone 
— which is often used to inactivate sense 
messenger RNA — was only marginally 
effective, Furthermore, results using the 
antisense RNA were mimicked, by injection 
of sense HNA» a control in th eir stud i es. They 
later found out that these data could be 
largely explained by an artefact of the tran- 
scription process that was used to generate 
the antisense and sense RNAs; namely, 
dsRNA fragments. 

Additional experiments by Fire et aiy 
designed to shed light on the possible mech- 
anism of the dsRNA-mediated inhibition, 
painted an even more mystifying picture. 
For example, even when only a few copies of 
the dsRNAs are present in each cell, they are 
active against highly abundant RNAs. This 
indicates that the interference occurs either 
by a catalytic mechanism or at the chromo- 
somal level — and not by a conventional 
antisense mechanism. The authors also 
found that only dsRNAs that are comple- 
mentary to coding regions of the gene are 
active, and not, for example, those targeted 
to introns or promoter regions. This argues 
against a generalised mechanism involving 
chromosomal inactivation, such as chromo- 
somal deletion. Moreover, dsRNA interfer- 
ence seems to cross cellular boundaries with 
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Figure I Possible 
mechanism for inhibttiort 
of gene expression m C 
elegans by double-stranded 
RNA. Fire etai^ have 
convincingly shown that, at 
the phenotype, RNA and 
protein levels, dsRNA- 
mediated interference with 
gene expression is specific 
and reproducible. Pcrhap^^ 
on mjection into worms, 
dsRNA is modified by 
dsRNA adenosine 
deaminase. Transfer of this 
information back into the 
chromosome may occur by 
f a recombination event. 
\: After replication and 

mismatch repair, 
{ transcription and 

translation result tn mutant 
; proteins that have impaired 
function. 
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ease. Gene inhibition was observed in proge- 
ny when dsRNA was injected into the body 
cavity of the udLilt (gonadal injections had 
been l]K)ifght to b^ necessary), and iji somitt- 
ic tissues of young adults after injection into 
tiieirbody cavity. 

What kind of mechanism have Fire and 
colleagues uncovered? This is not the first 
puT/Ae posed by dsRNA. Almost ten years 
ago. Bass and Weintrayb^ and Wagner ctaf,^ 
d iscovered an enityme that binds dsRNA and 
deaminatcs adenosines in the duplex to 
inosines. After a feverish hunt for the cellular 
function of the dsRNA adenosine deami- 
nase> it was found to be involved in the 
post-transcriptional <?diting of messages, 
biosines are read by the cellular machinery 
as guanosine, so the enzyme could alter 
the genetic make-up of mRNA {reviewed 
in refs9. 10). 

Could this dsRNA adenosine de^iminase 
be involved in a complicated pathway that 
results in gene inhibition in C. eJegarts? Quite 
possibly. The enzymatic activity has been 
found in C ^/t?gfl«5,<and would probably treat 
the injected dsRNA as a substrate. A special- 
ised homologous recombination system 
would be needed, which would use the 
modified dsRNA to transfer the genetic 
alterations into the chromosome (Fig. 1 ), 

This model fits some of the data: modi- 
fication of adenosines to inosines alters the 
genetic make-up of the injected dsRNA; 
transfer of this information into the genome 
by recombination would affect coding (but 
not intronic) regions; and mutations intro- 
duced by the inosine substitutions' would 
affect the ability to detect mRNA and» at least 
partially, the function of the protein. These 
mutations could account for the surprising 
result that only a few copies of dsRNA are 
lequired per ce 11, because they would have an 
effect at the level of the chromosome. Of 
course, such a model is a stretch of the imagi- 
nation and is not supported by all of the data. 
For example* attempts to use homologous 
recombination with dsDNA in C. elegam 
have largely failed^. 

Fire and colleagues^ have uncovered a 
complex and intriguing mode of regulation 
in C elegans, DoesdsRNA perform a biolog- 
ical function in C elegans (and is this func- 
tion titrated out by the microinjected 
dsRNA)? Does a similar phenomenon exist 
in other organisms? What would happen if 
transgenic animals or plants were generated 
expressing both the sense and antisense 
strands of a transgene? A similar mode of 
action would not be suspected to occur in 
mammals, because injection of dsRNA is 
often used as a control for antisense experi- 
ments, albeit at the individual cell (and not 
organism) level. Nevertheless, perhaps 
specific 'knockouts* can be generated this 
way, for organisms in which genetic material 
cannot be delivered by microinjection. 
Whatever the mechanism might be, dsRNA- 



mcdiated inhibition of gene expression wilt 
provide? a useful alternative for working out 
gene function in C. ekgans .m^^ maybe, in 
other animals and plants. □ 
Richard W. Wa^tier and I.itt Sun ttre at Phyhs Inc, 
300 Putnam Avctmct Cambridge, M(i$$iichusetis 
021.^9, USA. 

e-mail: r\'ifa^tjer(^phylos.cvtn 
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i Liquid crystals 



IMew designs in choiesteric colour 

Petor Palf fy-Muhoray 



Since their discovery in 1888, choies- 
teric liquid crystals hav^ been subject 
to considerable attention, resulting in 
applications in ink and paint technologies^ 
flat-panel displays and thermal imaging. 
Writing in Advanced Material^, Tamaoki 
and co-workers describe anew technique for 
rewritable full-colour image recording on 
thin choiesteric films. The iow-molecular- 
weight compound they have developed for 
this purpose is a choiesteric glass, which is 
stable at room temperature and which could 
have applications in optics as well as infor- 



mation display and storage. 

The optical properties of cholesterics 
have made them useful in dispiay^'^ and laser 
technologies^ as welt as in the visual arts^* In 
reflected light, cholesterics show intense 
iridescent colours with a metallic sheen, as 
seen on scarab beetles. In these materials, 
rod-like molecules are orientated, on the 
average> paralld to one another in a given 
plane, so that the direction of orientation 
varies linearly with position in the direction 
normal to the plane. This results in a spatially 
periodic twisted helical structure as shown in 



Incident light 




- "Reflected . Nght - 



. ' ■' t^holesterio 



Figure 1 Sket<h of 
choiesteric j^lructure, 
showmg the dependence 
of moLecular orientation 
on position. The tip of a 
vector ijidicatiiig lociil 
molecular orientation 
trace^QUtahelix. 
Reflecte<J light waves 
satisfying the Bmgg 
condition emerge in- 
phase and add 
constructively. In the 
work discussed here, 
Tamaoki etaV have 
developed a choiesteric 
glass tii^t is rewritable 
and stable at room 
temperature (see Fig. 3). 




Figure 2 Transmission electron micrograph of 
freeze-fractured helical choiesteric. The pitch is 
240 nm. (From ref. 120 



Figure 3 Photographs of thermally addressed 
and quenched choiesteric solid films. (From 
ref, 1.) 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Patent Application of 

Ming-Bo Wang et al. 

Application No.: 09/287,632 

Filed: April 7, 1999 

For: METHODS AND MEANS FOR 

OBTAINING MODIFIED PHENOTYPES 

DECLARATION BY INVENTOR UNDER 37 C.F.R. § 1.131 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

We, Peter Michael Waterhouse, Ming-Bo Wang, Michael Wayne Graham and Neil A. 
Smith, citizens of Australia, hereby state as follows: 



1.. We are the named inventors of the subject matter of the above captioned 
application. 



2. We have read and understood the Office Action dated November 1, 2007. We 
understand that U.S. Patent No. 6,506,559 has been cited in the Office Action in rejecting the 
claims of the present application. 



3. We submit Exhibits 1-5 as evidence that embodiments of the presently claimed 
invention were made, i.e. actually reduced to practice, prior to the December 23, 1 997 filing date 
of U.S. Provisional Application No. 60/068,562 of which benefit is claimed by U.S. Patent No. 
6,506,559. 

4. Exhibit 1 is a copy of 7 pages from a laboratory notebook prepared by Neil Smith 
that recorded experiments performed by Neil Smith and/or under his supervision during the 
construction of a chimeric DNA comprising two copies of a 0.75 kb fragment of the cDNA copy 
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Page 2 

of the Potato Virus Y RNA genome (PVY) in inverted orientation under control of a CaMV 35S 
promoter and further comprising intron 2 of the Pdk gene from Flaveria trinervia in the 
transcribed region of the chimeric DNA. 

5. Notebook page 151 (Exhibit 1, page 1) describes the relevant part of expression 
vector N2, which was used as starting material to produce the chimenc DNA as descnbed in 
paragraph 4, That N2 is an expression vector can be seen from the notation ART7, which 
indicates the backbone of the expression vector pART7 which was commonly used within the 
CSIRO Plant Industry laboratories at that time. The figure indicates the restnction enzyme sites 
and denotes the different functional parts of the N2 vector as blocks. The bent arrows indicate 
the promoter orientation, while the straight arrows indicate the orientation of the PVY inserts. 
The sizes of the functional parts are indicated between brackets below the blocks and are noted 
as kilobasepairs. Abbreviations used are: 35S: Cauliflower Mosaic Virus 35S promoter; PVY: 
approximately 0.75kb fragment of the sequence encoding the protease of potato virus Y; S4: 0.6 
kb fragment of the Subterranean Clover Stunt Virus segment S4; Ocs3': 3' termination and 
polyadenylation signal from the octopine synthase gene from Agrobacterium tumefaciens. 

6. The notebook page 151 further indicates a first cloning strategy to produce a 
PVY hairpin RNA having complementary sense and antisense strands targeting the PVY 
genome part, whereby the 0.6kb Hindill fragment comprising the Subterranean Clover Stunt 
Virus segment S4 fragment was deleted. In the product, both copies of the PVY fragment are 
operably linked under the control of one CaMV35S promoter. Upon transcription from the 
CaMV35S promoter which is active In plant cells, a double stranded RNA molecule as 
schematically represented ("mRNA double stranded") would be produced. The RNA molecule 
as represented is an artificial hairpin RNA structure compnsing two annealing RNA sequences 
labeled "sense strand" and "a sense strand", wherein one of the annealing RNA sequences 
comprises a sense sequence of 750 nucleotides identical to 750 consecutive nucleotides of a 
PVY target gene of interest in a eukaryotic cell, in this case a plant cell, and the second of the 
annealing RNA sequences comprises an antisense sequence identical to 750 consecutive 
nucleotides of the complement of the PVY target gene of interest. 
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7. Notebook pages 186-188 (Exhibit 1, pages 2-4) describe tlie preparation of intron 
2 of the pdk gene of Flaveria trinervia and cloning of a PGR amplified fragment having intron 2 
(767bp) flanked by restriction enzymes into a small cloning vector (PBC) for amplification 
purposes. 

8. On Notebook page 186 plasmid pdkl is described comprising a 10.5 kb EcoRI 
fragment of the pdk genomic DNA in pBLUESCRIPT vector. The figure is a schematic 
representation of the pkdA genomic DNA, the cloned EcoRI fragment and the position of intron 
2. At the bottom is a photo of diagnostic restriction enzyme digests to confirm the structure of 
pdk1. 

9. Notebook page 187 represents a nucleotide sequence alignment of the pdkA and 
pdkB genes with an indication of the position and nucleotide sequence of intron 2 of pdkA. 
Further indicated are the nucleotide sequences and position of the oligonucleotides used as 
PGR primers to specifically amplify the intron 2 fragment, flanked by Hindlll restriction enzyme 
recognition sites. 

10. Notebook page 188 details the PGR reaction protocol to amplify the intron 2 
fragment from the plasmid pdkl, a gel analysis of the amplified fragment, a ligation protocol for 
introduction of the PGR- amplified, Hindlll restricted product into a small vector named PBC and 
determination of the relative orientation of insertion of the Hindlll fragment comprising the intron 
2 by restriction analysis. At the bottom of the page, the two alternative orientations of insertion 
into PBG are schematically represented, together with an indication of the expected size of the 
fragment which was generated after Bglll/PstI restriction digestion for both orientations and 
indication of the orientation of inserts in the different clones. 

1 1 . The first picture of the gel on Notebook page 1 89 concerns additional verification 
for the clones of the intron 2 Hindlll fragment in PBG in both orientations. Immediately below the 
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picture is a schematic representation of the cloning strategy to introduce the intron 2 between 
the two fragments of PVY in inverted orientation under control of a CaMV35S promoter, to 
generate a double stranded RNA-encoding chimeric gene. To this end, the 0.6 kb Hindlll S4 
fragment from T-DNA vector pNS2 was replaced by the 0.77 kb Hindlll fragment comprising the 
intron 2 described under paragraph 10. pNS2 comprised the gene components of expression 
vector N2 described on notebook page 151 (discussed in paragraph 5 above) cloned into T- 
DNA vector pART27 (see Exhibit 1, page 6 where it is indicated that the backbone vector is 
pART27, a T-DNA vector commonly used at CSIRO for introduction of chimeric DNAs into plant 
cells by Agrobacterium-mediated transformation). Notebook page 189 further describes the 
composition of the ligation mix and the restriction enzyme analysis to identify clones in which 
the S4 fragment had been replaced by the intron 2 fragment. A small table at the bottom of 
notebook page 189 indicates the predicted sizes of fragments generated by restriction enzyme 
digests for each of the two possible orientations of the inserted intron fragment (indicated as 
"sense intron" and "a-sense intron", the latter is shorthand for intron in antisense orientation). 

12. Notebook page 192 (Exhibit 1, page 6) displays the restriction enzyme analysis 
with Apal enzyme to verify which of the candidate clones contained a single insert of the intron 
fragment. As indicated next to the gel, the clones with a single insert were expected to produce 
a restriction fragment of 770 bp, and as stated there "appear to be many [candidate clones] with 
single Intron 2 inserts". The potentially good chimeric DNA constructs were further verified 
through Xbal restrictions enzyme analysis which as indicated were expected produce a 
characteristic 2.3 kb fragment. At least candidates "2 and 6 (from pool 7) appear to have [the] 
intron insert". 

13. The bottom part of the Notebook page 192 then represents the restriction 
enzyme analysis with the restnction enzyme combinations indicated at the bottom of page 189 
to determine the orientation of the intron 2 in the chimeric DNA constructs for 4 different clones. 
The notification under the gel pictures indicate that clone "2" had the intron in antisense 
orientation, while clones "6", "onginal single clone 1" and clone "6 from pool T had the intron 
fragment in the sense orientation. Intron 2 is a heterologous intron with respect to the PVY 
inserts in the chimenc DNA. 
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14. Notebook page 193 (Exhibit 1, page 7) represents a quality control of a large 
scale DNA preparation of the T-DNA vector clones 2 and 6 from Notebook page 192. At the top 
of page 193 it is indicated that the chimeric DNA construct with the intron fragment in antisense 
orientation is named pNS9, while the chimeric DNA construct with the intron fragment in sense 
orientation is named pNS10. The bullet point "set up 2 and 6 for tri-parental => LBA4404" refers 
to the introduction of T-DNA vectors from the coll host into Agrobacterium tumefaciens 
comprising a disarmed helper Ti-plasmid by a process referred to as triparental mating 
commonly used in the art. The resulting agrobacterial transconjugant strains were cocultivated 
with tobacco W38 cells in order to introduce the chimeric DNA into plant cells. 

15. Exhibit 1 thus describes the successful construction of a chimeric DNA 
construct molecule comprising, in order: 

a) a promoter, operative in a eukaryotic (plant) cell {CaMV35S)] 

b) a DNA region, which when transcribed, yields an RNA molecule with at 
[east one RNA region with a nucleotide sequence comprising 

i. a sense nucleotide sequence including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) having 
100% sequence identity with at least 20 consecutive nucleotides (and 
also at least 50 or 100 nucleotides) of the nucleotide sequence of the 
nucleic acid of interest (0.75 kb PVY region in sense orientation- tlie 
nucleic acid of interest is tinus comprised in tine genome of an infecting 
RNA virus in this embodiment))] and 

ii. an antisense nucleotide sequence including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) having 
100% sequence identity with the complement of the at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) of the 
sense nucleotide sequence {0.75 kb PVY region in antisense orientation); 

wherein the RNA is capable of forming an artificial hairpin RNA structure with a 
double stranded RNA stem by base-pairing between the regions with sense and 
antisense nucleotide sequences; and 
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wherein the DMA region further comprises an intron (intron 2) (which is a heterologous 
intron with respect to the sense and antisense PVY sequences); and 
c) a DNA region involved in transcription termination and polyadenylation (3' ocs 
region), 

16. The experiments recorded in Exhibit 1 were completed prior to December 23, 

1997. 

17. The experiments recorded in Exhibit 1 were performed in CSIRO Plant Industry 
laboratories in Canberra, Australia. 

18. Exhibit 2 is a copy of 5 pages from a laboratory notebook (Notebook No 5) 
prepared by Ming-Bo Wang that recorded experiments performed by Ming-Bo Wang and/or 
under his supervision during the construction of a chimeric DNA encoding an RNA comprising 
sense and antisense nucleotide sequences targeted to a (3-glucuronidase gene (GUS) in which 
the sense and antisense nucleotide sequences could basepair over about 558 bases, as 
described in the above mentioned US patent application in Example 1, Figure 1A (6) and 
Sequence Listing entry SEQ ID NO 1. Further recorded in Exhibit 2 are the introduction of the 
chimeric gene into a T-DNA vector and introduction of the resulting T-DNA vector into 
Agrobacterium tumefaciens comprising a disarmed helper Ti-plasmid. The introduction of the 
chimeric DNA into plant cells, and data showing reduction of target gene expression in the plant 
cells are recorded in Exhibits 4 and 5. 

19. Exhibit 2, page 1, entitled "To make invert-repeat GUS construct for rice 
transformation" recorded the starting materials and ligation mixes set up to introduce a second 
copy of part of the GUS coding region into a vector pWUJGdT comprising a GUS coding region 
with a deletion of the internal 0.3kb EcoRV fragment. 

20. Two cloning strategies were followed i.e. 

a. to introduce a Hindi fragment from the GUS coding region derived from 
vector pWJKKGUS (indicated on top of the page as DNA 3) into EcoRi 
restricted vector pWUJGdT (indicated on top of the page as DNA 1 - 
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treated to render the sticky ends of the restriction fragment blunt and 
further treated with alkaline phosphatase (AP) as indicated in the note at 
the top right of the page. This ligation mix Is recorded as ligation 2. 

b. To introduce a Smal-EcoRV fragment from the GUS coding region 
derived from vector pWJKKGUS (indicated on top of the page as DNA 4) 
into Smal restricted vector pWUJGdT (indicated on top of the page as 
DNA 2 - treated with alkaline phosphatase (AP) as indicated in the note 
at the top right of the page). This ligation mix is recorded as ligation 4. 

21. Exhibit 2, page 2 recorded the identification of candidate clones resulting from 
the cloning strategies, as well as identification of the orientation of the insert into the vector. At 
the bottom of the page, these two possible insert orientations into the chimeric DNA are 
schematically represented, resulting in two different vectors namely: 

a, candidate clone 2 (2) renamed pMBW234 where the chimeric gene 
comprised in order a promoter region from maize ubiquitin gene ("Ubi-P"); 
a 5* untranslated leader region from Johnsongrass mosaic virus 
("JGMV"); a dysfunctional p-glucuronidase gene (GUSd) and the 5' end of 
the GUS coding region (GUS5') in the same orientation as the GUSd 
coding region, followed by transcription termination and polyadenyiation 
region from Agrobacterium T-DNA gene tml (tml'). 

b. candidate clone 2 (4) renamed pMBW233 where the chimeric gene 
comprised in order a promoter region from maize ubiquitin gene ("Ubi-P"); 
a 5' untranslated leader region from Johnsongrass mosaic virus 
("JGMV"); a dysfunctional (3-glucuronidase gene (GUSd) and the 5' end 
of the GUS coding region (GUS5') in the inverse orientation relative to the 
GUSd coding region, followed by transcription termination and 
polyadenyiation region from Agrobacterium T-DNA gene tml (tmr). 
Transcription of this chimeric gene yields an RNA molecule comprising an 
RNA region capable of forming an artificial hairpin RNA structure 
comprising two annealing RNA sequences, namely a sense RNA 
sequence identical to about 558 consecutive nucleotides of the GUS 
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gene and an antisense RNA sequence identical to about 558 consecutive 
. nucleotides of the complement of the GUS gene. 

22. Exhibit 2, page 3 records the experiments performed to clone the chimeric genes 
described under paragraph 21, as Not! restriction fragments, into a T-DNA vector designated 
binary vector pWBVec4A. As indicated in the top right insert, "ligation 2" uses "DNA.1", I.e NotI 
fragment from pMBW234 ; "ligation 3" uses "DNA 2" i.e NotI fragment from pMBW233. 

23. Exhibit 2, page 4 contains the continued recorded data from the experiments 
described under paragraph 22, including the restriction enzyme analysis, of candidate clones 
from ligations 2 and 3 mentioned on the previous page. The plasmid denoted pMBW237 refers 
to the chimeric gene in colony 2(8) [clone 8 of ligation mix 2, thus corresponding to a chimeric 
gene as in pMBW234], and the plasmid denoted pMBW239 refers to the chimeric gene in 
colony 3(8) [clone 8 of ligation mix 3, thus corresponding to a chimeric gene as in pMBW233]- 

24. At the bottom of Exhibit 2, page 4 it is indicated that T-DNA vectors 2(8) and 3(8) 
were used for triparental mating, referring to the introduction of the T-DNA vectors from the E. 
coil host into Agrobacterium tumefaciens comprising a disarmed helper Ti-plasmid, and Exhibit 
2, page 5 records the verification of the Agrobacterium transconjugants as containing the 
respective T-DNA vectors. 

25. The experiments recorded in Exhibit 2 were completed prior to December 23, 

1997. 

26. The experiments recorded in Exhibit 2 were performed in CSIRO Plant Industry 
laboratories in Canberra, Australia. 

27. Exhibit 3 is a copy of a publication by Alan H. Christensen and Peter H. Quail, 
entitled "Ubiquitin promoter-based vectors for high-level expression of selectable and/or 
screenable marker genes in monocotyledonous plants", which was published in Transgenic 
Research Volume 5, 213-218 (May 1996). This publication describes the ubiquitin promoter 
region fragment used in the construction of the chimeric genes described in Exhibit 2, as 
explained under paragraph 21. As indicated in Figure 1, the Ubi promoter region included an 
intron (Ubi-1 intron) indicated in the Figure by an angled line) in the transcribed region. This 
publication is mentioned in the above mentioned patent application as a reference for the 
Ubiquitin promoter used in the chimeric constructs described in Example l of that patent 
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application. At the time of the construction of the chimeric genes, described under paragraphs 
20 and 21, we were aware of the presence of an intron in the transcribed DNA region under the 
control of the Ubi promoter region. 

28. Exhibit 4 is a copy of 6 pages from a laboratory notebook (Notebook 96) 
prepared by Ming-Bo Wang that recorded experiments, performed by Ming-Bo Wang and/or 
under his supervision to transform transgenic rice calli containing and expressing a recombinant 
GUS gene as a target gene of interest in a eukaryotic (plant) cell, with the T-DNA vectors 
described in Exhibit 2, and to analyse phenotypic expression of GUS in the supertransformed 
rice calli comprising the target gene and the chimeric DNAs. Data from these analyses 
correspond to the data recorded in the patent application as "Example 1". 

29. Exhibit 4, page 1 indicates that call! were initiated from transgenic rice seeds 4R- 
VI 0-28 and 4R-V10-67, both expressing a recombinant GUS gene of interest integrated in the 
genome of the calli cells. This target gene is a transgene in the cells. The bottom half indicates 
that these calli were "supertransformed" using different Agrobacteria comprising the different T- 
DNA vectors including pMBW239 (experiment indicated as "7"). Note also the control 
experiments where an "empty" control T-DNA vector (pMBW223) was used (experiment 1) and 
where a conventional co-suppression construct (comprising a transcribed sense nucleotide 
sequence of the GUSd gene (pMBW225) was used for comparison of the level of phenotypic 
expression of the target gene (experiment 2). 

30. Exhibit 4, page 2 recorded the data for Bialaphos resistant calli obtained with the 
different Agrobacteria described on the previous page (paragraph 24 above), indicating that 
such calli had been transformed by the T-DNA's including the chimeric DNA silencing constructs 
(or control constructs). The transgenic calli obtained by transformation of the initial VI 0-28 
transgenic rice ceils with pMBW239 are indicated as "7a" whereas the transgenic calli obtained 
by transformation of the Initial VI 0-67 transgenic rice cells with pMBW239 are indicated as '7b". 

31 . Exhibit 4, page 2 at the bottom and continuing on page 3, recorded the data of an 
initial GUS staining experiment on parts of the transgenic calli that were obtained (VI 0-67 
derived). In control experiment "lb" where the GUS transgenic calli were supertransformed by 
an "empty" T-DNA vector, all supertransformed calli strongly stained blue indicating strong GUS 
activity. On page 3 of Exhibit 4, the results of a similar GUS staining on calli obtained by 
supertransformation with pMBW239 Indicating that the observed GUS staining was either weak 
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("W") , negative ("-") or resulted in an isolated blue spot. These data indicated that the chimeric 
DNA from.pMBW239 reduced the phenotypic expression of the GUS target gene in the rice 
cells. 

32. Exhibit 4, pages 4 and 5 represent the recordation of these data for the individual 
calli. Exhibit 4, page 6 summarizes the data of an initial GUS staining experiment on parts of the 
obtained transgenic calli (VI 0-28 derived). While in series la, all calli transformed by the control 
T-DNA vector pMBW223 strongly stained blue indicating strong GUS activity, the transgenic 
calli obtained by transformation with pMBW239 (series 7a) all scored as "very weak" or 
"basically GUS negative" with the exception of only two calli. On the bottom of page 6, reference 
is made to (quantitative) GUS assays, the data of which are recorded in Notebook 5, starting on 
page 55, discussed hereinafter as Exhibit 5. 

33. The experiments recorded in Exhibit 4 were completed prior to December 23, 

1997. 

34. The experiments recorded in Exhibit 4 were performed in CSIRO Plant Industry 
laboratories in Canberra, Australia. 

35. Exhibit 5 is a copy of 17 pages from a laboratory notebook (Notebook 5) 
prepared by Ming Bo Wang that recorded quantitative GUS analysis experiments performed by 
Ming-Bo Wang and/or under his supervision, on the supertranformed rice calli described in 
Exhibit 4. Particular attention is drawn to the "raw data" concerning GUS analysis by kinetic 
value measurements on Exhibit 5, page 14 which are represented in Example 1 , Table 2 of the 
above mentioned patent application. See e.g. data for Plate No 3, wells 1 A to 2H which have in 
handwriting indications "7a 1" to "7a 14" referring to transgenic lines, which are identical to the 
entries in Table 2 of the patent application, column indicated by "Inverted repeat CoP(6)", row 
VI 0-28, Similarly, data for Plate No 3, wells 3A to 4D which have in handwriting indications 
'7b2" to "7b16" referring to transgenic lines are identical to the entries in Table 2 of the patent 
application, column indicated by "Inverted repeat CoP(6)", row V10-67. 

36. The experiments recorded in Exhibit 5 were completed prior to December 23, 

1997. 

37. The experiments recorded in Exhibit 5 were performed in CSIRO Plant Industry 
laboratories in Canberra, Australia, 
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38. The experiments recorded In Exiiibit 2, 4 and 5 therefore describe successful 
completion prior to December 23, 1997 of the construction of a chimeric DNA molecule 
{pMBW233/239 series) comprising in order 

a. a promoter operative in a eukaryotic (plant) cell {Ubi-P)] 

b. a DNA region, which when transcribed, yields an RNA molecule with at 
least one RNA region with a nucleotide sequence comprising 

i. a sense nucleotide sequence including at least 20 consecutive 
nucleotides (and also at least 50 or 100 nucleotides) having 100 
% sequence identity with at least 20 (and also at least 50 or 100 
nucleotides) consecutive nucleotides of the nucleotide sequence 
of a nucleic acid of interest {Gusd in sense orientation) in a 
eukaryotic cell; and 

ii. an antisense nucleotide sequence including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) 
having 100% sequence identity with the complement of the at 
least 20 consecutive nucleotides (and also at least 50 or 100 
nucleotides) of the sense nucleotide sequence {Gus5' in 
antisense orientation); 

wherein the RNA is capable of forming an artificial hairpin RNA structure with a 
double stranded RNA stem by base-pairing between the regions with sense and 
antisense nucleotide sequence wherein the DNA region further comprises an 
intron {Ubi intron) (which is heterologous to the sense GUS sequence); and 

c. a DNA region involved in transcription termination and polyadenylation 
{tml'y 

39. The experiments recorded in Exhibit 2, 4 and 5 also describe successful 
completion prior to December 23, 1997 of a method for reducing the phenotypic expression of a 
nucleic acid of interest which is normally capable of being expressed (GUS gene) in a 
eukaryotic cell (a plant cell, rice) comprising the step of introducing into the eukaryotic cell 
(plant cell) a chimeric DNA {pMBW233/239 series) as described in paragraph 24. 
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40. The statements made in this declaration are made on the personal knowledge or 
on the information , and belief of the declarants. We hereby declare that all statements made 
herein of personal knowledge are true and that all statements made on information and belief 
are believed to be true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful false statements 
may jeopardize the validity of the application or any patent issued thereon. 
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DECLARATION BY INVENTOR UNDER 37 C.RR. § 1.131 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

We, Peter Michael Waterhouse, Ming-Bo Wang, Michael Wayne Graham and Neil A. 
Smith, citizens of Australia, hereby state as follows: 

1. We are the named inventors of the subject matter of the above captioned 
application. 

2. We have read and understood the Office Action dated November 1, 2007. We 
understand that U,S, Patent No. 6,506,559 has been cited In the Office Action in rejecting the 
claims of the present application. 

3. We submit Exhibits 1-5 as evidence that embodiments of the presently claimed 
invention vuere made, i.e. actually reduced to practice, prior to the December 23, 1997 filing date 
of U.S. Provisional Application No. 60/068,562 of which benefit is claimed by U.S. Patent No. 
6,506,559. 

4. Exhibit 1 is a copy of 7 pages from a laboratory notebook prepared by Neil Smith 
that recorded experiments performed by Neil Smith and/or under hi$ supervision during the 
construction of a chimeric DNA comphsing two copies of a 0.75 kb fragment of the cDNA copy 
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of the Potato Virus Y RNA genome (PVY) in inverted orientation under control of a CaMV 35S 
promoter and further comprising intron 2 of the Pdk gene from FlaveriB trinervia in the 
transcribed region of the chimeric DNA. 

5. Notebook page 151 (Exhibit 1, page 1) describes the relevant part of expression 
vector N2, which was used as starting material to produce the chimeric DNA as described In 
paragraph 4. That N2 is an expression vector can be seen from the notation ART7, which 
indicates the backbone of the expression vector pART7 which was commonly used within the 
CSIRO Plant Industry laboratories at that time. The figure indicates the restriction enzyme sites 
and denotes the differed functional parts of the N2 vector as blocks. The bent arrows indicate 
the promoter orientation, while the straight arrows indicate the orientation of the PVY inserts. 
The sizes of the functional parts are indicated between brackets below the blocks and are noted 
as kilobasepairs. Abbreviations used are: 35S: Cauliflower Mosaic Virus 35S promoter; PVY: 
approximately 0,75kb fragment of the sequence encoding the protease of potato virus Y; S4: 0.6 
kb fragment of the Subterranean Clover Stunt Virus segment S4; Ocs3': 3' termination and 
polyadenylation signal from the octopine synthase gene from Agrobact^rium tumefaciens. 

6. The notebook page 151 further indicates a first cloning strategy to produce a 
PVY hairpin RNA having complementary sense and antisense strands targeting the PVY 
genome part, whereby the 0.6kb Hindlll fragment comprising the Subterranean Clover Stunt 
Virus segment S4 fragment was deleted. In the product, both copies of the PVY fragment are 
operably linked under the control of one CaMV35S promoter. Upon transcription from the 
CaMV35S promoter which is active in plant cells, a double stranded RNA molecule as 
schematically represented ("mRNA double stranded") would be produced. The RNA molecule 
as represented is an artificial hairpin RNA structure comprising two annealing RNA sequences 
labeled "sense strand" and "a sense strand", wherein one of the annealing RNA sequences 
comprises a sense sequence of 750 nucleotides identical to 750 consecutive nucleotides of a 
PVY target gene of interest in a eukaryotic cell, in this case a plant cell, and the second of the 
annealing RNA sequences comprises an antisense sequence identical to 750 consecutive 
nucleotides of the complement of the PVY target gene of interest. 
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7. Notebook pages 186-188 (Exhibit 1, pages 2-4) describe the prepsiration of intron 
2 of the pdk gene of Fi^\/eha trinervia and cloning of a PCR amplified fragment having intron 2 
(767bp) flanked by restriction enzymes into a small cloning vector (PBC) for amplification 
purposes. 

8. On Notebook page 186 plasmid pdkl is described comprising a 10.5 kb EcoRl 
fragment of the pdk genomic DNA in pBLUESCRIPT vector. The figure is a schematic 
representation of the pkdA genomic DNA, the cloned EcoRI fragnnent and the position of intron 
2. At the bottom is a photo of diagnostic restriction enzyme digests to confirm the structure of 
pdk1. 

9. Notebook page 187 represents a nucleotide sequence alignment of the pdkA and 
pdkB genes with an indication of the position and nucleotide sequence of intron 2 of pdkA. 
Further indicated are the nucleotide sequences and position of the oligonucleotides used as 
PCR primers to specifically amplify the intron 2 fragment, flanked by Hindlll restriction enzyme 
recognition sites. 

10. Notebook page 188 details the PCR reaction protocol to amplify the intron 2 
fragment from the plasmid pdkl, a gel analysis of the amplified fragment, a ligation protocol for 
introduction of the PCR- amplified, Hindlll restricted product into a small vector named PBC and 
determination of the relative orientation of insertion of the Hindlll fragment comprising the intron 
2 by restriction analysis. At the bottom of the page, the two alternative orientations of insertion 
into PBC are schematically represented^ together with an indication of the expected size of the 
fragment which was generated after Bglll/PstI restriction digestion for both orientations and 
indication of the orientation of inserts in the different clones. 

1 1. The first picture of the gel on Notebook page 189 concerns additional verification 
for the clones of the intron 2 Hindlll fragment in PBC in both orientations. Immediately below the 
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picture is a schematic representation of the cloning strategy to introduce the intron 2 between 
the two fragments of PVY In inverted orientation under control of a CaMV35S promoter, to 
generate a double stranded RNA-encoding chimeric gene. To this end, the 0.6 kb Hindlll S4 
fragment from T-DNA vector pNS2 was replaced by the 0 J7 kb Hindlll fragment comprising the 
intron 2 described under paragraph 10. pNS2 comprised the gene components of expression 
vector N2 described on notebook page 151 (discussed in paragraph 5 above) cloned into T- 
DNA vector pART27 (see Exhibit 1, page 6 where it is indicated that the backbone vector is 
pART27, a T-DNA vector commonly used at CSIRO for introduction of chimeric DNAs into plant 
cells by Agrobacterlum-mediated transformation). Notebook page 1S9 further describes the 
composition of the ligation mix and the restriction enzyme analysis to identify clones in which 
the S4 fragment had been replaced by the intron 2 fragment. A small table at the bottom of 
notebook page 189 indicates the predicted sizes of fragments generated by restriction enzyme 
digests for each of the two possible orientations of the inserted intron fragment (indicated as 
"sense introrf' and "a-sense intron", the latter is shorthand for intron in antisense orientation). 

12. Notebook page 192 (Exhibit 1, page 6) displays the restriction enzyme analysis 
with Apal enzyme to verify which of the candidate clones contained a single insert of the intron 
fragment. As indicated next to the gel, the clones with a single insert were expected to produce 
a restriction fragment of 770 bp, and as stated there "appear to be many [candidate clones] with 
single Intron 2 inserts". The potentially good chimeric DNA constructs were further verified 
through Xbal restrictions enzyme analysis which as indicated were expected produce a 
characteristic 2.3 kb fragment. At least candidates "2 and 6 (from pool 7) appear to have [the] 
intron insert". 

13. The bottom part of the Notebook page 192 then represents the restriction 
enzyme analysis with the restriction enzyme combinations indicated at the bottom of page 189 
to determine the orientation of the intron 2 in the chimeric DNA constructs for 4 different clones. 
The notification under the gel pictures indicate that clone "2" had the intron in antisense 
orientation, while clones "6", "original single clone 1" and clone "6 from pool 7" had the Intron 
fragment in the sense orientation. Intron 2 is a heterologous intron with respect to the PVY 
inserts in the chimeric DNA. 
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14, Notebook page 193 (Exhibit 1, page 7) represents a quality control of a large 
scale DNA preparation of the T-DNA vector clones 2 and 6 from Notebook page 192. At the top 
of page 193 it is indicated that the chimeric DNA construct with the Intron fragment in antisense 
orientation is named pNS9, while the chimeric DNA construct with the intron fragment in sense 
orientation is named pNS10, The bullet point "set up 2 and 6 for tri-parental ^> LBA4404" refers 
to the introduction of T-DNA vectors from the E. coli host into Agrobacterium tumefaciens 
comprising a disarmed helper Ti-plasmid by a process referred to as triparental mating 
commonly used in the art. The resulting agrobacterial transconjugant strains were cocultivated 
with tobacco W38 cells in order to introduce the chimeric DNA into plant cells. 

15. Exhibit 1 thus describes the successful construction of a chimeric DNA 
construct molecule comprising, in order: 

a) a promoter, operative in a eukaryotic (plant) cell {CaMVSSS), 

b) a DNA region, which when transcribed, yields an RNA molecule with at 
least one RNA region with a nucleotide sequence comprising 

i. a sense nucleotide sequence Including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) having 
100% sequence identity with at least 20 consecutive nucleotides (and 
also at least 50 or 100 nucleotides) of the nucleotide sequence of the 
nucleic acid of interest {0,75 kb PVY region in sense orientsttion- the 
nucleic acid of interest is tlius comprised in the genome of an infecting 
RNA virus in this embodiment)); and 

it. an antisense nucleotide sequence including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) having 
100% sequence identity with the complement of the at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) of the 
sense nucleotide sequence (0,75 l<b PVY region in antisense orientation)] 
wherein the RNA is capable of forming an artificial hairpin RNA structure with a 
double stranded RNA stem by base-pairing between the regions with sense and 
antisense nucleotide sequences; and 
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wherein the DNA region further comprises an intron Untron 2) (which is a heterologous 
intron with respect to the sense and antisense PVY sequences); and 
c) a DNA region involved in transcription termination and polyadenylation {3' ocs 
r&gion), 

16^ The experiments recorded In Exhibit 1 were completed prior to December 23, 

1997. 

17. jhe experiments recorded in Exhibit 1 were performed in CSJRO Plant Industry 
laboratories in Canberra, Australia. 

18. Exhibit 2 is a copy of 5 pages from a laboratory notebook (Notebook No 5) 
prepared by iVIing*Bo Wang that recorded experiments performed by Ming-Bo Wang and/or 
under his supervision during the construction of a chimeric DNA encoding an RNA comprising 
sense and antisense nucleotide sequences targeted to a p-glucuronidase gene (GUS) in which 
the sense and antisense nucleotide sequences could basepalr over about 558 bases, as 
described in the above mentioned LIS patent application in Example 1, Figure 1A (6) and 
Sequence Listing entry SEQ ID NO 1. Further recorded in Exhibit 2 are the introduction of the 
chimeric gene into a T-DNA vector and introduction of the resulting T-DNA vector into 
Agrobacterium tumefaciens comprising a disarmed helper Ti-plasmid. The introduction of the 
chimeric DNA into plant cells, and data showing reduction of target gene expression in the plant 
cells are recorded in Exhibits 4 and 5. 

19. Exhibit 2, page 1, entitled "To make invert-repeat GUS construct for rice 
transformation" recorded the starting materials and ligation mixes set up to introduce a second 
copy of part of the GUS coding region into a vector pWUJGdT comprising a GUS coding region 
with a deletion of the internal 0.3kb EcoRV fragment. 

20. Two cloning strategies were followed i.e. 

a. to introduce a Hindi fragment from the GUS coding region derived from 
vector pWJKKGUS (indicated on top of the page as DNA 3) into EcoRI 
restricted vector pWUJGdT (indicated on top of the page as DNA 1 - 
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treated to render the sticky ends of the restriction fragment blunt and 
further treated with alkaline phosphatase (AP) as indicated in the note at 
the top right of the page. This ligation mix is recorded as ligation 2. 

b. To introduce a Smal-EcoRV fragment from the GUS coding region 
derived from vector pWJKKGUS (indicated on top of the page as DNA 4) 
into Smal restricted vector pWUJGdT (indicated on top of the page as 
DNA 2 - treated with alkaline phosphatase (AP) as indicated in the note 
at the top right of the page). This ligation mix is recorded as ligation 4. 

21. Exhibit 2, page 2 recorded the identification of candidate clones resulting from 
the cloning strategies, as well as identification of the orientation of the insert into the vector. Al 
the bottom of the page, these two possible insert orientations into the chimeric DNA are 
schematically represented, resulting in two different vectors namely: 

a. candidate clone 2 (2) renamed pMBW234 where the chimeric gene 
comprised in order a promoter region from maize ubiquitin gene ("Ubi-P"); 
a 5' untranslated leader region from Johnsongrass mosaic virus 
("JGMV"); a dysfunctional p-giucuronidase gene (GUSd) and the 5* end of 
the GUS coding region (GUS5') in the same orientation as the GUSd 
coding region, followed by transcription termination and polyadenylation 
region from Agrobacterium T-DNA gene tml (tmr). 

b. candidate clone 2 (4) renamed pMBW233 where the chimeric gene 
comprised in order a promoter region from maize ubiquitin gene ("Ubi-P"); 
a 5' untranslated leader region from Johnsongrass mosaic virus 
("JQMV"); a dysfunctional p-glucuronidase gene (GUSd) and the 5' end 
of the GUS coding region (GUS6') in the inverse orientation relative to the 
GUSd coding region, followed by transcription termination and 
polyadenylation region from Agrobacterium T-DNA gene tmi (\mV). 
Transcription of this chimeric gene yields an RNA molecule comprising an 
RNA region capable of forming an artificial hairpin RNA structure 
comprising two annealing RNA sequences, namely a sense RNA 
sequence identical to about 558 consecutive nucleotides of the GUS 
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gene and an antisense RNIA sequence identical to about 558 consecutive 
nucleotides of the complement of the GUS gene. 

22. Exhibit 2, page 3 records the experiments performed to done the chimeric genes 
described under paragraph 21, as NotI restriction fragments, into a T-DNA vector designated 
binary vector pWBVec4A. As indicated in the top right insert, "ligation 2" uses "DNA 1", i.e NotI 
fragment from pMBW234 ; "ligation 3" uses "DMA 2" i.e NotI fragment from pMBW233. 

23. Exhibit 2, pago 4 contains the continued recorded data from the experiments 
described under paragraph 22. including the restriction enzyme analysis, of candidate clones 
from ligations 2 and 3 mentioned on the previous page. The plasmid denoted pMBW237 refers 
to the chimeric gene in colony 2(8) [clone 8 of ligation mix 2, thus corresponding to a chimeric 
gene as in pMBW234], and the plasmid denoted pMBW239 refers to the chimeric gene in 
colony 3(8) [clone 8 of ligation mix 3, thus corresponding to a chimeric gene as in pMBW233.1. 

24. At the bottom of Exhibit 2, page 4 it is indicated that T-DNA vectors 2(8) and 3(8) 
were used for triparental mating, referring to the introduction of the T-DNA vectors from the E. 
coli host into Agrobacterium tumefaciens comprising a disarmed helper Ti-piasmid, and Exhibit 
2, page 5 records the verification of the Agrobacterium transconjugants as containing the 
respective T-DNA vectors. 

25- The experiments recorded in Exhibit 2 were completed prior to December 23, 

1997. 

26. The experiments recorded in Exhibit 2 were performed in CSIRO Plant Industry 
laboratories in Canberra, Australia, 

27. Exhibit 3 is a copy of a publication by Alan H. Christensen and Peter Quail, 
entitled "Ubiquitin promoter-based vectors for high-level expression of selectable and/or 
screenable marker genes in monocotyledonous plants", which was published in Transgenic 
R&search Volume 5, 213-218 (May 1996). This publication describes the ubiquitin promoter 
region fragment used in the construction of the chimeric genes described in Exhibit 2, as 
explained under paragraph 21, As indicated in Figure 1, the Ubi promoter region included an 
intron (Ubi-1 intron) indicated in the Figure by an angled line) in the transcribed region. This 
publication is mentioned in the above mentioned patent application as a reference tor the 
Ubiquitin promoter used in the chimeric constructs described in Example 1 of that patent 
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application. At the time of the construction of the chimeric genes, described under paragraphs 
20 and 21 , we were aware of the presence of an intron in the transcribed DNA region under the 
control of the Ubi promoter region. 

28. Exhibit 4 is a copy of 6 pages from a laboratory notebook (Notebook 96) 
prepared by Ming-Bo Wang that recorded experiments performed by Ming-Bo Wang and/or 
under his supervision to transform transgenic rice calli containing and expressing a recombinant 
GUS gene as a target gene of interest in a eukaryotic (plant) cell, with the T-DNA vectors 
described in Exhibit 2, and to analyse phenotypic expression of GUS in the supertransformed 
rice calli comprising the target gene and the chimeric DNAs. Data from these analyses 
correspond to the data recorded in the patent application as "Example 1". 

29. Exhibit 4, page 1 indicates that calli were initiated from transgenic rice seeds 4R- 
\/10-28 and 4R-V10-67, both expressing a recombinant GUS gene of interest integrated in the 
genome of the calli cells. This target gene is a transgene in the cells. The bottom half indicates 
that these calli were "supertransformed" using different Agrobacteria comprising the different T- 
DNA vectors including pMBW239 (experiment indicated as "7"). Note also the control 
experiments where an "empty"* control T-DNA vector (pMBW223) was used (experiment 1) and 
where a conventional co-suppression construct (comprising a transcribed sense nucleotide 
sequence of the GUSd gene (pMBW225) was used for comparison of the level of phenotypic 
expression of the target gene (experiment 2). 

30. Exhibit 4, page 2 recorded the data for Bialaphos resistant calli obtained with the 
different Agrobacteria described on the previous page (paragraph 24 above), indicating that 
such calli had been transformed by the T-DNA's including the chimeric DNA silencing constructs 
(or control constructs). The transgenic calli obtained by transformation of the initial VI 0-28 
transgenic rice cells with pMBW239 are indicated as *7a' whereas the transgenic calli obtained 
by transformation of the initial V10-67 transgenic rice cells with pMBW239 are indicated as '7b". 

31 . Exhibit 4, page 2 at the bottom and continuing on page 3, recorded the data of an 
initial GUS staining experiment on parts of the transgenic calli that were obtained (VI 0-67 
derived). In control experiment "1b" where the GUS transgenic calli were supertransformed by 
an "empty" T-DNA vector, all supertransformed call) strongly stained blue indicating strong GUS 
activity. On page 3 of Exhibit 4, the results of a similar GUS staining on calli obtained by 
supertransformation with pMBW239 indicating that the observed GUS staining was either weak 
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("W") , negative ("-") or resulted in an isolated blue spot. These data indicated that the chimeric 
DNA from pMBW239 reduced the phenotypic expression of tho GUS target gene in the rice 
cells. 

32. Exhibit 4» pages 4 and 5 represent the recordation of these data for the individual 
calli- Exhibit 4, page 6 summarizes the data of an initial GUS staining experiment on parts of the 
obtained transgenic calli (VI 0-28 derived). While in series la, all call) transformed by the control 
T-DNA vector pMBW223 strongly stained blue indicating strong GUS activity, the transgenic 
calli obtained by transformation with pMBW239 (series 7a) all scored as "very weak" or 
"basically GUS negative'' with the exception of only two calli. On the bottom of page 6, reference 
is made to (quantitative) GUS assays, the data of which are recorded in Notebook 5, starting on 
page 55, discussed hereinafter as Exhibit 5. 

33. The experiments recorded in Exhibit 4 were completed prior to December 23, 

1997. 

34. The experiments recorded in Exhibit 4 were performed in CSIRO Plant Industry 
laboratories in Canberra, Australia. 

35. Exhibit 5 is a copy of 17 pages from a laboratory notebook (Notebook 5) 
prepared by Ming Bo Wang that recorded quantitative GUS analysis experiments performed by 
Ming-Bo Wang and/or under his supervision, on the supertranformed rice calli described in 
Exhibit 4. Particular attention is drawn to the "raw data" concerning GUS analysis by kinetic 
value measurements on Exhibit 5, page 14 which are represented in Example 1, Table 2 of the 
above mentioned patent application. See e.g. data for Plate No 3, wells 1 A to 2H which have in 
handwriting indications "7a1" to '7a14'' referring to transgenic lines, which are identical to the 
entries in Table 2 of the patent application, column indicated by "inverted repeat CoP(6)'\ row 
VI 0-28. Similarly, data for Plate No 3, wells 3A to 4D which have in handwriting indications 
"7b2" to "7b16" referring to transgenic lines are identical to the entries in Table 2 of the patent 
application, column indicated by "Inverted repeat CoP(6)", row V10-67. 

36. The experiments recorded in Exhibit 5 were completed prior to December 23, 

1997- 

37. The experiments recorded in Exhibit 5 were performed in CSIBO Plant Industry 
laboratories in Canberra, Australia. 
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38- The experiments recorded in Exhibit 2, 4 and 5 therefore describe successful 
completion prior to December 23, 1997 of the construction of a chimeric DNA molecule 
{pMBWZ33/239 series) comprising in order 

a. a promoter operative in a eukaryotic (plant) cell (Ubi-P); 

b. a DNA region, which when transcribed, yields an RNA molecule with at 
least one RNA region with a nucleotide sequence comprising 

i. a sense nucleotide sequence including at least 20 consecutive 
nucleotides (and also at least 50 or 100 nucleotides) having 100 
% sequence Identity with at least 20 (and also at least 50 or 100 
nucleotides) consecutive nucleotides of the nucleotide sequence 
of a nucleic acid of interest {Gusd in sense orientation) in a 
eukaryotic cell; and 

ii. an antisense nucleotide sequence including at least 20 
consecutive nucleotides (and also at least 50 or 100 nucleotides) 
having 100% sequence identity with the complement of the at 
least 20 consecutive nucleotides (and also at least 50 or 100 
nucleotides) of the sense nucleotide sequence (Gus5' in 
antisense orientation); 

wherein the RNA is capable of forming an artificial hairpin RNA structure with a 
double stranded RNA stem by base-pairing between the regions with sense and 
antisense nucleotide sequence wherein the DNA region further comprises an 
intron {Ubi intron) (which is heterologous to the sense GUS sequence); and 

c. a DNA region involved in transcription termination and polyadenylation 
(fm/0. 

39. The experiments recorded in Exhibit 2, 4 and 5 also describe successful 
completion prior to December 23, 1997 of a method for reducing the phenotypic expression of a 
nucleic acid of interest which is normally capable of being expressed (GUS gene) in a 
eukaryotic cell (a plant cell, rice) comprising the step of introducing into the eukaryotic cell 
(plant cell) a chimeric DNA (pt^BW233/239 series) as described in paragraph 24. 
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The statements made in this declaration are made on the personal knowledge or 



on the information and belief of the declarants. We hereby declare that all statenr^ents made 
herein of personal knowledge are true and that all statements made on information and belief 
are believed to be true; and further that these statements v/ere made with the knowledge that 
willful false statement$ and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful false statements 
may jeopardize the validity of the application or any patent issued thereon. 
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Ubiquitin promoter-based vectors for high-level 
expression of selectable and/or screenable marker 
genes in monocotyledonous plants 
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A set of plasmids has been constructed utilizing the promoter, 5' untranslated exon, and first intron of the maize 
ubiquitin (Ubi-I) gene to drive' expression of protein coding sequences of choice. Plasmids containing chimaeric 
genes for ubiquitin-luciferase {Ubi-Litc), ubiquitin-p-glucuronidase {Ubi'GUS)^ and ubiquitin-phosphinotliricin 
acetyl transferase (Ubi-bar) hsvG been generated, as well as a construct containing chimaeric genes for both Ubi- 
GUS and Ubi-bar in a single plasmid. Another construct was generated to allow cloning of protein coding: . 
sequences of choice on BamKl and 5am Hl-compatible restriction fragments downstream of the Ubi~l gene 
fragment. Because the Ubi-1 promoter has been shown to be highly active in monocots, these constructs may be 
useful for generating high-level gene expression of selectable markers to facilitate efficient transformation of 
monocots, to drive expression of reference reporter genes in studies of gene expression, and to provide expression 
of biotecimologically important protein products in transgenic plants. . . ■ .. : 



Keywords: -gorxQ expression;, transgenic monocots; ubiquitin 
Introduction 

The general availability of strong promoters active in all 
or most cell types of monocotyledonous plants would be 
useful in a variety of applications in gene transfer studies 
with this plant group (McElroy and Brettell, 1994). 
Although the widely-used cauliflower mosaic virus 
(CaMV) 35S promoter is active in mdnocot cells, its 
relative strength is substantially less than in dicot cells, 
arid it is inactive in some cell types, e.g. pollen (Bruce et 
al, 1989; Christensen eit al, 1992; McElroy and Brettel, 
1994).. The maize Adhl promoter has. also' been used in 
monocot transformation studies. (Fronini .e? aL, 1990), but 
its activity appears to be restricted to root and shoot 
meristems, endosperm, and pollen (Kyozuka et ah, 1991), 
Because of their expected involvement in fundamental 
processes in all cell types, the genes for .rice actin (Act-I) 
(McElroy et al, 1990) and maize ubiquitin {Ubi-1) 
(Ghristensen et al.^ 1992) have been investigated as 
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potentially useful alternatives to the CaMV 3 5 S and 
Adhl sequences. Both of these monocot promoters have 
been shown to be significantly more active than the 
CaMV 35S prornqter in monocot cells (Bruce et aL, 1989; 
McElroy et aL, 1990; Christensen et aL, 1992; Cornejo et 
aL, 1993; Gallo-Meagher and Irvine, 1993; McEliroy and 
Brettell, 1994) with the Ubi-1 promoter being somewhat 
stronger than the ^cf- 7 promoter where compared directly 
(Cornejo et aL, 1993; Gallo-Meagher and Iryine, 1993; 
Schledzewski and Mendel, 1994; Wilmirilc et aL, 1995). 

Since our initial reports on the use of maize Ubi-1 
promoter constructs in transient (Chi'istensen a/., 1992) 
arid stable (Toki et aL, 1992; Uchimiya et al., 1993) 
cereal transformation studies, we have distributed to a 
large number of researchers a variety of constructs with 
the promoter fused to a spectrum of selectable and 

scorable markers. Certain of these constructs or their 
derivatives have been used successfully in transforming a 
number of different monocot species (Wilinink et- aL, 
1995), including several cereals (McElroy and Brettell, 
1994) and Lemna. (Rolfe and-Tobin,. 1991), ; with, reports 
of transgenic plants having been generated for rice 
(Cornejo et aL, 1993), wheat (Weeks et aL, 1993), and 
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barley (Wan and Lemaux, 1994). This report presents the 
structural details of the complete set of these constructs. 

Materials and methods 

The cloning and sequencing of the maize ubiquitin gerie 
and its promoter have been reported previously 
(Christensen et ah,. 1992). All DNA cloning and 
manipulations reported here were performed according to 
standard protocols (Ausubel et aL, 1989). Restriction 
endonuelease digestions were carried out according to 
manufacturers' recommendations. GeneClean (BIO 101, 
La Jolla, CA, USA) was used to isolate specific restriction 
fragments from agarose gels. Recovery of DNA fragments 
was quantified by comparison of ethidium bromide 
fluorescence of an aliquot of the fragment with loiown 
masses of DNA on agarose gels. The Hindlll linker (5' 
CAAGCTTG 3') used in the construction of pAHC27 was 
obtained from New England Biolabs. DNA ligations and 
subsequent tiansformations mto competent Escherichia 
coli strain XLl-Blue or HBlOl cells and plasmid DNA 
preparations were carried out using standard protocols 
(Ausubel et al., 1989). Analysis of DNA sequences was 
performed using the UWGCG package of programs 
(Fromm et al., 1990) and DNA Inspector II (Textco, W. 
Lebanon, NH, USA). 

Results 

All of the constructs described here were generated by 
fusing the same 1992 bp Fstl fragment from the maize 
Ubi-1 gene upstream of the relevant polylinlcer or marker 
sequence (Fig. 1). This P^-? I fragment contains 

899 bp of promoter sequence, 83 bp of 5' untranslated 
exon, and 1010 bp of first intron sequence, terminating 
through reconstitution of the P^^I site precisely at the . G in 
the AG diriucleotide of the 3' splice junction of the intron 
(Christensen et aLy 1992). The nucleotide sequences at the 
flision jimctions at the 3' end of the Ubi-I DNA are 
shown for each construct in Fig. 2. 

pAHC17 

This plasmid is a ^7&z-7 promoter expression vector for 
Bam HI (or Bam Hl-compatible) cloning of protein coding 
regions. It contains the .Ubi-l promoter, 5' untranslated 
region and intron upstream of an unique BamYLl site (Fig. 
1). About 250-bp of nopaline synthase (NOS) 3' 
untranslated sequence and polyadenylation signals are 
located downstream of the Bamlil site. The 1992 bp Fstl 
fragment of the Ubi-I gene had been previously cloned 
into the Fstl site of M13mpl9 for sequencing 
(Christensen et al., 1992). A Hindlll-BamEl fragment 
from the replicative form of that clone was isolated and 
ligated to a 3175 bp Hin dlll-Bamm fragment of pMF6 
(Goff et al.y 1991) containing pUC8 sequence and; 250 bp 
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of NGS 3' polyadenylation sequence adjacent to the 
Eco RI site. 

The polylinker sequence is located between the end of 
the Ubi-1 intron and the BamHI cloning site and 
between the ,5am HI s^^ and the NOS sequence (Fig. 
2). Thus, a reporter gene cloned into the HI site is 
flanked by polylinker sequence on both the 5' and 3' 
sides. Sail ^nd Xbal sites from the M13mpl9 polylinker 
are upstream of the Bam EI site and a Sail and a Fstl 
site from the pUCS polyhnlcer are on the 3' side, 

pAHClS andpAHC27 (pUbi-GUS) 

These plasmids contain the maize . Ubi-1 promoter, 5' 
untranslated region and first - intron fused to the coding 
region of the E. coli uidA gene (GUS) (Fig, 1). To 
produce pAHC15, Hindlll-Ecom fragment of pBIlOI.2 
(Jefferson al, 1987) containing the -77m dlll to Smal 
region of the pUC19 polylinker, the GUS coding 
sequence, and 260 bp of the nopaline synthase gene 
. polyadenylation signal was cloned into the Hin dill and 
EcoKl sites of pUCI9 (pUC19-GUS-N0S). The 1992 bp 
Fstl fragment of the maize Ubi~l gene (Christensen et ah, 
1992) was cloned into tht Fstl site of the polylinker 
sequence upstream of the GUS coding . sequence in 
pUC19-GUS-N0S. The construct contains the . Ubi-1 
sequence in an orientation such that transcription will 
proceed through the ubiquitin 5' exon, intron and the GUS 
coding sequence, terminating in the NOS 3' sequence. 

pAHC27 contains the same Ubi-GUS-NOS construct as 
p ACH 1 5 but as a Hin dill fragment cloned into the 
Hin(^ll site of pUC19 (Fig. 1).. This constmct was 
generated to facilitate the production of pAHC25 (see 
below). The iE'coRI site at the 3' end of the chimeric 
gene ui pAHC15 is not unique as there is an additional 
Eco^ site in the Ubi-1 intron. However, the //zndlll site 
at the 5' end of the chmaeric gene is unique. To allow 
the entire construct to be removed as one fragment for 
further subcloning, a ffiwdlll site was introduced at the 
3' end of the chimaeric gene. This was achieved by 
partially digesting pAHC15 with £'coRI, optirriizing the 
digestion for linear fragments. The £co RI sites were 
.filled in with dNTPs and Klenow fragment of DNA 
Polymerase and a Hindlll linker (5' CAAGCTTG 3'; 
New England Biolabs) was added. Addition of the linker 
also restored the EcoBl site. The DNA was digested with 
Hindlll to remove excess linker and to cut at the 5' end 
of the chimaeric gene; The 4.15 kb i/mdIII fragment 
containing the Ubi-1 gus chimaeric gene was gel-purified 
and subcloned into i7z72 dlll-digested pUCl9. The 
chimaeric gene in the resultant pAHC27 is oriented such. . 
that the entire pUC 19 polylinker is upstream of the Ubi-1 
promoter (Fig, 1). 

pAHClB - pUbi-LUC 

This plasmid contains the promoter-5' exon-firsf 
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Fig. 1. Schematic diagrams of expression vectors, based on maize Ubi-1 sequences. The relative sizes of the various segments of the 
linearized plasmids are drawn to scale. Bold straight line, Uhi-1 promoter sequences; filled box, Ubi-l exon; angled line, Ubi-l intron; 
labelled . open boxes, reporter gene sequences; blank open box, nopaline synthases. 3' untranslated sequence; thin straight line, pUC8 
(pAHC17, 18, 20, and 25)-or pUC19 (pAHC15 and 27) sequence; Arrow at the Ubi-1 .exon\signifies transcription start site and direction. 
GUS, p-glucLironidase (Jefferson, et al, 1987); LUC, firefly luciferase (Ow et al, 1986); BAR, phosphinothricin acetyltransferase (De 
Block et fl/.,1987). Restriction sites used in construction of the chimaeric genes and in adjacent polylinker sequences are shown. The 
Bam HI site marked with an asterisk in pAHC17 is an unique site for cloning 5am HI or 5a/7zHI-compatible. fragments. (Note: The Xbal 
sites located in the Ubi-1 intron are subject to methylation interference in dam f E, coli strains.,.Also, although the ^co RI site in the,J7^>/-A, 
intron upstream of the gtis sequence in pAHC15 is cleaved efficiently, in both pAHC27 and pAHC25 the corresponding- £:co RI site is cut 
very inefficiently). B, ^amHI; E, ^coRI;' H, J^m dlll; K, Kpnli % Pstl; Sa, Sail; Sc, ^^7cl; Sm, Smal; Sp, Sphl; X, Xbal. 
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Sal I Xba I Bam HI Sal I Pst I 



NOS 3' 



. . .ctgcagGTCGACTCTAGAGGATCCGTCGACCTGCAG. 
. gacgtcCAGCTGAGATCTCCTAGGCA 



PAHC15/25/27 



UBI1 Intron 
Pst I 



Sal I 



Xba I Bam HI Sma I 



GUS (frompBliOi.2) 



. C tgcagGTCGACTCTAGAGGATCCCCGGGTAGTCAGTCCCTTATG, 
, gacg tcCAGCTGAGATCTCCTAGGGGCCCATCAGTCAGGGAATAC. 



pAHC18 

UBI1 Intron 
Psti 



Sail 



Xba I Bam HI 



LUC (from pD0432) 



.CtgcagGTCGACTCTAGAGGATCCGAGCTTGGAATTCCTTTGTGTTACATTCrTGAATGTCGCTCGC^ 

/gacgtcCAGCTGAGATCTCCTAGGCTCGAACCTTAAGGAAACACAATGTAAGAACTTACAGCGAGCGTCACTGTAATCGTAAGC^ 



PAHC20/25 



UBM Intron 
Pst I 



Sal i Xba I Bam HI 



BAR (from pUC/BASTA) 



. c tgcagGTCGACTCTAGAGGATCCATCGATTAGGAAGTAACC ATG . 
.gacgtcCAGCTGAGATCTCCTAGGTAGCTAATCCTTCATTGGrAC. 



Fig. 2v -Nucleotide, .sequence of the polylinker region comprising the junction between the Ubi-1 intron and the reporter gene or NOS 3' 
sequence. The Ubi-I intron sequence (lower case) ends with ei Pstl site containing the 3' splice junction. The reporter gene sequences 
shown downstream of the polylinker are those upstream of the respective coding sequence and end with , the ATG translation start codon . 
(italicized) shown for each. 



intron fused -to a luciferase (LUC) reporter .coding 
sequence (Fig. 1). An 1892 bp BamKl fragment of 
pD0432 (pw et aL, 1986) containing 80 nucleotides of 
5 ' untranslated sequence, the luciferase coding region 
(1649 nucleotides) and 163 bp of 3' imtranslated sequence 
was cloned into the unique BamHL site of pAHG17, This 
construct contains- the luciferase coding sequence in the 
same orientation. as the ubiquitin promoter. 

pAHC20 - pUbi-BAR 

The Ubi-BAR chimaeric gene in this plasmid provides 
selection of transformants resistant to Basta™ herbicide 
(phosphinothricin) (De Block et al:, 1987). The Ubi-BAR 
construct was formed by ligating a 570 bp BamKl—Bcll 
fragment containing the bar gene into the Bam'Hl site of 
pAHC17, The bar gene fragment was excised from a 
plasmid (pUCB/BASTA) obtained from Dr M. Fromm 
(Fromm et aL, 1990). The resultant pAHC20. plasmid has 
bar in the same orientation as the maize Ubi-1 promoter 
(Fig. 1). The construct contains. 18 bp of sequence 
between, the Bam HI site and the translation start codon 



of the bar gene (Fig. 2). The Bell site is 11 bp 
downstream of the TGA stop codon. 

The unique i7zndIII site at the 5' end of the Ubi-1 
sequence makes this plasmid very adaptable. This 
restriction site is suitable for insertion of a second 
chimaeric gene, such as a scorable marker also driven 
by a second Ubi-J promoter, as detailed below for 
pAHC25, or for any other desired promoter-gene 
combination. 

pAHC25 - pUbi-GUS/Ubi-BAR 

pAHC25 contains both a selectable rnarker (Z^ar) and a 
scorable marker (GUS), each mider the transcriptional 
control of a separate Ubi-1 promoter (Fig. 1). The two 
chimaeric genes were first assembled separately in 
pAHC20 and pAHC27 and then the double construct 
was formed. This was achieved by excising the Ubi-GUS- 
NOS-containing Hin dill fragment from pAHC27 and 
subcloning it into ii/z?2dIII-digested pAHC20. The resul- 
tant pAHG25 plasmid has both Ubi-BAR and Ubi-GUS 
chimaeric genes in the same orientation. . . 
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The high activity of the maize : t/Z?f-7 promoter has now 
been documented in transient and/or stable transformation . 
configurations in a number of monocot systems including 
rice (Bruce et al, 1989; Told et ah, 1992; Cornejo et al, 
1993; Uchimiya et al, 1993; Talcimoto et al, 1994), 
wheat (Taylor et al, 1993; Weeks et al, 1993), barley 
(Wan and Lemaux, 1994), sugarcane (Gallo-Meagher et 
al, 1993; Taylor et al, 1993), maize (Christensen et al, 
1992; Gallo-Meagher era/., 1993) Pennisetiim (Taylor et 
al, 1993), Paniciim (Taylor a/., 1993) and Lemna 
(Rolfe and Tobin., 1991). Whether or not the high level of 
expression of selectable marker genes fused to Ubi-1 
actually increases the efficiency of recovery of fertile 
^ transgenic plants relative to less active promoters like that 
from the CaMV 35S gene is yet to be rigorously examined 
(see Wan and Lemaux, 1994); However, the high level of 
GUS expression provided by the Ubi-GUS constructs has 
proven valuable in enabling rapid histochemical screening 
of transformants for transgene activity (Cornejo et al, 
1993). - 

The original intron present in the 5 '-untranslated region 
of the Ubi-1 gene (Christensen et al, 1992) was retained 
in all the constructs here because of numerous previous 
studies showing that introns frequently strongly enhance;, 
transgene expression in cereals (Callis et al, 1988; Bruce 
and Quail, 1990; McElroy al, 1990; Vasil et al, 

1993) . The influence of the „C/Z7Z-i- intron has not been 
tested directly, but there is evidence that this maize 
sequence is spliced correctly in transgenic rice cells (Toki 
et al, 1992). , 

Detailed examination of the spatial and temporal 
expression patterns of the Ubi-l promoter in transgenic 
plants is yet . to , be reported. However, initial data with a . 
Ubi-gus construct indicate expression in all organs of 
transgenic rice consistent with a potential for targeting a 
wide specti-um of cells (Cornejo et al, 1993; Takimbto 
al. 1994). 

An additional potentially usefull feature . of the Ubi-l 
promoter is that it is sti'ess-inducible. Both thermal and 
mechanical stress haye been shown to cause a strong 
enhancement of the Ubi-gus transgene activity in 
transformed rice (Cornejo et al, 1993; Takimoto et al, 

1994) . It is possible ..that this , fact may result in stronger 
expression of selectable marker fusion genes during the 
early stages of transformation, where recipient cells are 
exposed to a variety of stresses such as high osmotic 
pressures, particle, bombardment and growth on toxic 
compounds . A subsequent decrease . in ■ expression level is 
expected upon removal of the selective conditions so that 
regenerated transgenic plants would presumably not 

. continue to express the marker at high . leyels when it is 
no . longer needed. The stress-in ducibility of the Ubi-T 
promoter might also be useful for driving conditional 
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expression of genes that confer tolerance or resistance to 
various biotic and abiotic ^stresses such as pathogen 
attack, heat and water deficit (Takimoto et al, 1994). 
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n;i[iit'd after tiie place of its invention iii 
Cugf ne, Oregon. The model is a .set of three 
piirtial diffcrentiaJ cquiUions that describe 
the reaction-diffusion process. Showalter 
iind colleagues added a term to account for 
the photosensitive generation of bromide 
ionst and predict wave propagation patterns 
remarkably similar to those observed in the 
experiment. Before this experiinent, STSR 
hud been studied only theoretically or by 
niimcricaj or electronic siiriviiation in one- 
dimensional sets of coupled**'^ and uncou- 
pled" elements, and in two-dimensional 
arrays of threshold elements^. But those 2D 
simuiataons, in spite of their simplicity, 
mimic all the features of the present experi- 
nient. 

The implications of the present experi- 
ment extend far beyond chemical dynamics. 
Spiral waves, spontaneously generated by 
noise, have also been simuJaleJ with the 
Oregonator (Fig. !b). They are strikingly 
similar to recent observations of noise- 
initiated and sustained long-range coherent 
waves of calcium ions in cultured brain 
tissue'^ (Fig. Ic) indicating a similar under- 



lying dynamical process. The possibility that 
calcium waves transmit arco{>rdinatc tnfor- 
marion ovcrcentimetre distances in [jtial cell 
networks (that is, in the brain) has already 
been suggested, but the role of noise 
remained obscure. Now that noise-sustained 
spiral waves have been observed in a well 
characterized chemical system, we can spec- 
ulate that spatiotemporal noise may be an 
important feature ofthc brain's working. □ 
['r^uik Moss is (It ihe Center for Neurociynamns, 
Univf^Tsity Missouri at St Louis^ Si Louis, 
Missouri 63121^ USA, 

e-nuiil: f"OS$f^iw[s}yma. umsLcdu 

1. KadlT, S., W.mp^ J. A SKnwj|(er. K.. Wr^^ll^^'391, 770-772 1 1998). 

2. Wiftfrep, A. T. StiVwf I7S, (i.^'l-fe36 ( 1972). 

3. Wiciitfiifetd. K. & Moss, F. Mnuin'.MX 

■\. G^mma^T(^ni, L.. U.muiiJ, P,. Jiins. P. & Marchcsnni. K Rev. Mod. 

70. i lyyH). 

5. Field, J. Sc Nojrcs.H, M. /. C^)«/7, /*/i>-r.6a. ]877"lHyj ( 1974). 
fj. LiodiXfr, I r, vtnl I'hyi. ffn-, /xTr. 7S^ J^i (1995). 

7. LiXhcf. M,. loliUMjn. G. A. 6c tfuw, H. it. rUyf. Hw, Wit. 77. 

8. Ojllins. }. 1.. Chow.C. C. & Irnhijff, T. T. NutvnyH. 

lung., K & Mafcf- Krc?s, G. Phys. Jicv, Utl, 2082-2686 
( 1 995), 

lO-Iunj*. P„ C(irnfn-iifll, A..Shavfr Maddeii, K. & Moss, K 
/. Ncuvifphyiio}. fin ihe press). 



Functional genomics 



Double-stranded 
poses puzzle 



RNA 



Richard VU, Wagner and Lin Sun 



The human genome is predicted to 
contain between 50,000 and 100,000 
genes*. To work out what these genes 
do>an array of techniques is needed to evalu- 
ate the protein-protein interactio ns and b io- 
chemical pathways of any gene product. The 
nematode worm Caenorhabditis elegans is an 
excellent system for such studies because of 
its well-understood genetics and develop- 
ment* evolutionary conservation to human 
genes, small genome size and relatively short 
life cycle. The lOO-megabase-pair genome 
will be completely sequenced this year, and a 
total of 17,000 genes have been predicted, 
many with human counterparts. Approach- 
es used to manipulate gene expression in C 
elegans include transposon-mediated dele- 
tion^> antisense inhibition^ and direct isola- 
tion of deletions after mutagenesis"*"^. 
Although these methods have proved useful, 
limitations still exist. 

On page 806 of this issue. Fire and col- 
leagues* describe a remarkable and surpris- 
ing technique for inhibiting gene function in 
C. ciegans. They turned off a specific gene in 
progeny worms by microinjecting double- 
stranded RNA (dsRNA) complementary to 
the coding region of the gene into the gonads 
of adult animals. Using a well-characterized. 
genCi unc~22, which encodes a non-essential 
myofilament protein^ they showed that 
injection of dsRNA produced a phenotype 

744 



characteristic of wnc- 22 inhib ition — twitch- 
ing. 

In a series of well- controlled studies^ the 
authors also found that injection of dsRNA 
targeted to a reporter gene for green fluores- 
cent protein resulted in a dramatic — and 



specific — decrease in protein production, 
l-urthermore, when they injecied dsRNA 
Uirgeied Xo another gene^ the result 

W(iS a loss of mex-3 RNA in early-stai^e 
embryos. In other words, at the levels of 
phenotype» RNA a)id protein, the inter- 
fcrence with gene expression was specific 
and reproducible. 

Perhaps most astounding is the phenom- 
enon that the dsRNA causes gene inhibition. 
Previously^, Fire and co-workers had been 
puzEled by the fact that antisense RNA alone 
— which is often used to inactivate sense 
messenger RNA — was only marginally 
effective, Furthermore, results using the 
antisense RNA were mimicked, by injection 
of sense HNA» a control in th eir stud i es. They 
later found out that these data could be 
largely explained by an artefact of the tran- 
scription process that was used to generate 
the antisense and sense RNAs; namely, 
dsRNA fragments. 

Additional experiments by Fire et aiy 
designed to shed light on the possible mech- 
anism of the dsRNA-mediated inhibition, 
painted an even more mystifying picture. 
For example, even when only a few copies of 
the dsRNAs are present in each cell, they are 
active against highly abundant RNAs. This 
indicates that the interference occurs either 
by a catalytic mechanism or at the chromo- 
somal level — and not by a conventional 
antisense mechanism. The authors also 
found that only dsRNAs that are comple- 
mentary to coding regions of the gene are 
active, and not, for example, those targeted 
to introns or promoter regions. This argues 
against a generalised mechanism involving 
chromosomal inactivation, such as chromo- 
somal deletion. Moreover, dsRNA interfer- 
ence seems to cross cellular boundaries with 
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Figure 1 Possible 
mechanism for inhibttiort 
of gene expression m C 
elegans by double-stranded 
RNA. Fire etai^ have 
convincingly shown that, at 
the phenotype, RNA and 
protein levels, dsRNA- 
mediated interference with 
gene expression is specific 
and reproducible. Pcrhap^^ 
on mjection into worms, 
dsRNA is modified by 
dsRNA adenosine 
deaminase. Transfer of this 
information back into the 
chromosome may occur by 
f a recombination event. 
\: After replication and 

mismatch repair, 
{ transcription and 

translation result tn mutant 
; proteins that have impaired 
function. 
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ease. Gene inhibition was observed in proge- 
ny when dsRNA was injected into the body 
cavity of the udLilt (gonadal injections had 
been l]K)ifght to b^ necessary), and iji somitt- 
ic tissues of young adults after injection into 
tiieirbody cavity. 

What kind of mechanism have Fire and 
colleagues uncovered? This is not the first 
puT/Ae posed by dsRNA. Almost ten years 
ago. Bass and Weintrayb^ and Wagner ctaf,^ 
d iscovered an enityme that binds dsRNA and 
deaminatcs adenosines in the duplex to 
inosines. After a feverish hunt for the cellular 
function of the dsRNA adenosine deami- 
nase> it was found to be involved in the 
post-transcriptional <?diting of messages, 
biosines are read by the cellular machinery 
as guanosine, so the enzyme could alter 
the genetic make-up of mRNA {reviewed 
in refs9. 10). 

Could this dsRNA adenosine de^iminase 
be involved in a complicated pathway that 
results in gene inhibition in C. eJegarts? Quite 
possibly. The enzymatic activity has been 
found in C ^/t?gfl«5,<and would probably treat 
the injected dsRNA as a substrate. A special- 
ised homologous recombination system 
would be needed, which would use the 
modified dsRNA to transfer the genetic 
alterations into the chromosome (Fig. 1 ), 

This model fits some of the data: modi- 
fication of adenosines to inosines alters the 
genetic make-up of the injected dsRNA; 
transfer of this information into the genome 
by recombination would affect coding (but 
not intronic) regions; and mutations intro- 
duced by the inosine substitutions' would 
affect the ability to detect mRNA and» at least 
partially, the function of the protein. These 
mutations could account for the surprising 
result that only a few copies of dsRNA are 
lequired per ce 11, because they would have an 
effect at the level of the chromosome. Of 
course, such a model is a stretch of the imagi- 
nation and is not supported by all of the data. 
For example* attempts to use homologous 
recombination with dsDNA in C. elegam 
have largely failed^. 

Fire and colleagues^ have uncovered a 
complex and intriguing mode of regulation 
in C elegans, DoesdsRNA perform a biolog- 
ical function in C elegans (and is this func- 
tion titrated out by the microinjected 
dsRNA)? Does a similar phenomenon exist 
in other organisms? What would happen if 
transgenic animals or plants were generated 
expressing both the sense and antisense 
strands of a transgene? A similar mode of 
action would not be suspected to occur in 
mammals, because injection of dsRNA is 
often used as a control for antisense experi- 
ments, albeit at the individual cell (and not 
organism) level. Nevertheless, perhaps 
specific 'knockouts* can be generated this 
way, for organisms in which genetic material 
cannot be delivered by microinjection. 
Whatever the mechanism might be, dsRNA- 



mcdiated inhibition of gene expression wilt 
provide? a useful alternative for working out 
gene function in C. ekgans .m^^ maybe, in 
other animals and plants. □ 
Richard W. Wa^tier and I.itt Sun ttre at Phyhs Inc, 
300 Putnam Avctmct Cambridge, M(i$$iichusetis 
021.^9, USA. 

e-mail: r\'ifa^tjer(^phylos.cvtn 
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i Liquid crystals 



IMew designs in choiesteric colour 

Petor Palf fy-Muhoray 



Since their discovery in 1888, choies- 
teric liquid crystals hav^ been subject 
to considerable attention, resulting in 
applications in ink and paint technologies^ 
flat-panel displays and thermal imaging. 
Writing in Advanced Material^, Tamaoki 
and co-workers describe anew technique for 
rewritable full-colour image recording on 
thin choiesteric films. The iow-molecular- 
weight compound they have developed for 
this purpose is a choiesteric glass, which is 
stable at room temperature and which could 
have applications in optics as well as infor- 



mation display and storage. 

The optical properties of cholesterics 
have made them useful in dispiay^'^ and laser 
technologies^ as welt as in the visual arts^* In 
reflected light, cholesterics show intense 
iridescent colours with a metallic sheen, as 
seen on scarab beetles. In these materials, 
rod-like molecules are orientated, on the 
average> paralld to one another in a given 
plane, so that the direction of orientation 
varies linearly with position in the direction 
normal to the plane. This results in a spatially 
periodic twisted helical structure as shown in 



Incident light 




- "Reflected . Nght - 



. ' ■' t^holesterio 



Figure 1 Sket<h of 
choiesteric j^lructure, 
showmg the dependence 
of moLecular orientation 
on position. The tip of a 
vector ijidicatiiig lociil 
molecular orientation 
trace^QUtahelix. 
Reflecte<J light waves 
satisfying the Bmgg 
condition emerge in- 
phase and add 
constructively. In the 
work discussed here, 
Tamaoki etaV have 
developed a choiesteric 
glass tii^t is rewritable 
and stable at room 
temperature (see Fig. 3). 




Figure 2 Transmission electron micrograph of 
freeze-fractured helical choiesteric. The pitch is 
240 nm. (From ref. 120 



Figure 3 Photographs of thermally addressed 
and quenched choiesteric solid films. (From 
ref, 1.) 
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2 October 2006 

The Nobei A^sefribiy at KaroSinska insiiUir^^t has today decided to award 
The Nobel Prize in Physiology or Medicine for 2006 jointly to 

Andrew Z. Fire and Craig C. Mello 

for their discovery of "RNA interference - gene silencing by double-stranded RNA" 

Summary 

This year's Nobel Laureates have discovered a fundamental mechanism for controlling the flow 
of genetic information. Our genome operates by sending instructions for the manufacture of 
proteins from DNA in the nucleus of the cell to the protein synthesizing machinery in the 
cytoplasm. These instructions are conveyed by messenger RNA (mRNA). In 1998, the 
American scientists Andrew Fire and Craig Mello published their discovery of a mechanism that 
can degrade mRNA from a specific gene. This mechanism, RNA interference, is activated when 
RNA molecules occur as double-stranded pairs in the cell. Double-stranded RNA activates 
biochemical machinery which degrades those mRNA molecules that carry a genetic code 
identical to that of the double-stranded RNA. When such mRNA molecules disappear, the 
corresponding gene is silenced and no protein of the encoded type is made. 

RNA interference occurs in plants, animals, and humans. It is of great importance for the 
regulation of gene expression, participates in defense against viral infections, and keeps 
jumping genes under control. RNA interference is already being widely used in basic science 
as a method to study the function of genes and it may lead to novel therapies in the future. 

The f^ow of mformatson m the cell: from DNA ¥§a mRNA to protem 

The genetic code in DNA determines how proteins are built. The instructions contained in the 
DNA are copied to mRNA and subsequently used to synthesize proteins (Fig 1 ). This flow of 
genetic information from DNA via mRNA to protein has been termed the central dogma of 
molecular biology by the British Nobel Laureate Francis Oick. Proteins are involved in all 
processes of life, for instance as enzymes digesting our food, receptors receiving signals in the 
brain, and as antibodies defending us against bacteria. 

Our genome consists of approximately 30,000 genes. However, only a fraction of them are 
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used in each cell. Which genes are expressed {i.e. govern the synthesis of new proteins) is 
controlled by the machinery that copies DNA to mRNA in a process called transcription. It, in 
turn, can be modulated by various factors. The fundamental principles for the regulation of 
gene expression were identified more than 40 years ago by the French Nobel Laureates 
rrancois Jacob arid Jacqi-es Monoci. Today, we know that similar principles operate throughout 
evolution, from bacteria to humans. They also form the basis for gene technology, in which a 
DNA sequence is introduced into a cell to produce new protein. 

Around 1990, molecular biologists obtained a number of unexpected results that were difficult 
to explain. The most striking effects were observed by plant biologists who were trying to 
increase the colour intensity of the petals in petunias by introducing a gene inducing the 
formation of red pigment in the flowers. But instead of intensifying the colour, this treatment 
led to a complete loss of colour and the petals turned white! The mechanism causing these 
effects remained enigmatic until Fire and Mello made the discovery for which they receive this 
year's Nobel Prize. 

The discovery of RHA interference 

Andrew Fire and Craig Mello were investigating how gene expression is regulated in the 
nematode worm Caenorhabditis elegans (Fig. 2). Injecting mRNA molecules encoding a 
muscle protein led to no changes in the behaviour of the worms. The genetic code in mRNA is 
described as being the 'sense' sequence, and injecting 'antisense' RNA, which can pair with 
the mRNA, also had no effect. But when Fire and Mello injected sense and antisense RNA 
together, they observed that the worms displayed peculiar, twitching movements. Similar 
movements were seen in worms that completely lacked a functioning gene for the muscle 
protein. What had happened? 

When sense and antisense RNA molecules meet, they bind to each other and form double- 
stranded RNA. Could it be that such a double-stranded RNA molecule silences the gene 
carrying the same code as this particular RNA? Fire and Mello tested this hypothesis by 
injecting double-stranded RNA molecules containing the genetic codes for several other worm 
proteins. In every experiment, injection of double-stranded RNA carrying a genetic code led to 
silencing of the gene containing that particular code. The protein encoded by that gene was no 
longer formed. 

After a series of simple but elegant experiments. Fire and Mello deduced that double-stranded 
RNA can silence genes, that this RNA interference is specific for the gene whose code matches 
that of the injected RNA molecule, and that RNA interference can spread between cells and 
even be inherited. It was enough to inject tiny amounts of double-stranded RNA to achieve an 
effect, and Fire and Mello therefore proposed that RNA interference (now commonly 
abbreviated to RNAi) is a catalytic process. 

Fire and Mello published their findings in the journal Nature on February 19, 1 998. Their 
discovery clarified many confusing and contradictory experimental observations and revealed 
a natural mechanism for controlling the flow of genetic information. This heralded the start of 
a new research field. 




The components of the RNAi machinery were identified during the following years (Fig 3). 
Double-stranded RNA binds to a protein complex. Dicer, which cleaves it into fragments. 
Another protein complex, RISC, binds these fragments. One of the RNA strands is eliminated 
but the other remains bound to the RISC complex and serves as a probe to detect mRNA 
molecules. When an mRNA molecule can pair with the RNA fragment on RISC, it is bound to 
the RISC complex, cleaved and degraded. The gene served by this particular mRNA has been 
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silenced. 



RNA interference - a defense against viruses and jumping genes 

RNA interference is important in tine defense against viruses, particularly in lower organisms. 
Many viruses have a genetic code that contains double-stranded RNA. When such a virus 
infects a cell, it injects its RNA molecule, which immediately binds to Dicer (Fig 4A). The RISC 
complex is activated, viral RNA is degraded, and the cell survives the infection. In addition to 
this defense, higher organisms such as man have developed an efficient immune defense 
involving antibodies, killer cells, and interferons. 

Jumping genes, also known as transposons, are DNA sequences that can move around in the 
genome. They are present in all organisms and can cause damage if they end up in the wrong 
place. Many transposons operate by copying their DNA to RNA, which is then reverse- 
transcribed back to DNA and inserted at another site in the genome. Part of this RNA molecule 
is often double-stranded and can be targeted by RNA interference. In this way, RNA 
interference protects the genome against transposons. 



RNA interference is used to regulate gene expression in the cells of humans as well as worms 
(Fig 4B). Hundreds of genes in our genome encode small RNA molecules called microRNAs. 
They contain pieces of the code of other genes. Such a microRNA molecule can form a double- 
stranded structure and activate the RNA interference machinery to block protein synthesis. 
The expression of that particular gene is silenced. We now understand that genetic regulation 
by microRNAs plays an important role in the development of the organism and the control of 
cellular functions. 



New opportunities in biomedical resoarcli, gene technology and 
health care 



RNA interference opens up exciting possibilities for use in gene technology. Double-stranded 
RNA molecules have been designed to activate the silencing of specific genes in humans, 
animals or plants (Fig 4C). Such silencing RNA molecules are introduced into the cell and 
activate the RNA interference machinery to break down mRNA with an identical code. 

This method has already become an important research tool in biology and biomedicine. In 
the future, it is hoped that it will be used in many disciplines including clinical medicine and 
agriculture. Several recent publications show successful gene silencing in human cells and 
experimental animals. For instance, a gene causing high blood cholesterol levels was recently 
shown to be silenced by treating animals with silencing RNA. Plans are underway to develop 
silencing RNA as a treatment for virus infections, cardiovascular diseases, cancer, endocrine 
disorders and several other conditions. 

Reference: 

Fire A., Xu S.Q., Montgomery M.K., Kostas S.A., Driver S.E., Mello C.C. Potent and specific 
genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature 1998; 
391:806-811. 



Andrew Z. Fire, born 1959, US citizen, PhD in Biology 1983, Massachusetts Institute of 
Technology, Cambridge, MA, USA. Professor of Pathology and Genetics, Stanford University 
School of Medicine, Stanford, CA, USA. 



RNA Interference reguiates gene expression 
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Craig C. Mello, born 1960, US citizen, PInD in Biology 1990, Harvard University, Boston, MA, 
USA. Professor of Molecular Medicine and Howard Hughes Medical Institute Investigator, 
Program in Molecular Medicine, University of Massachusetts Medical School, Worcester, MA, 
USA. 
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and 10 Na^HFjOy, FV solution also contained 0.2 NaF and 0.1 Na3V04. Rarely, 
irreversible current rundown still occurred with FVPP. The total Na* concen- 
tration of all cytoplasmic solutions was adjusted to 30 mM with NaOH. and pH 
was adjusted to 7.0 with N-methylglucamine (NMG) or HCl. PIPj liposomes 
(20-200 nm) were prepared by sonicating 1 mM PIP, (Boehringer Mannheim) 
in distilled water. Reconstituted monoclonal PIP2 antibody (Perspective 
Biosystems, Framingham, MA) was diluted 40-fold into experimental solution. 
Current-voltage relations of all currents reversed at £k and showed charac- 
teristic rectification, mostly owing to the presence of Na"^ in FVPP and possibly 
also residual polyamines. Current records presented (measured at 30 °C, -30 mV 
•holding potential) arc digitized strip-chart recordings. Purified bovine 
brain Gj37'' was diluted just before application such that the final detergent 
(CHAPS) concentration was 5 p.M. Detergent-containing solution was washed 
away thoroughly before application of PIP2, because application of phos- 
pholipid vesicles in the presence of detergent usually reversed the effects of 
G/Sy; presumably, GjS-y can be extracted from membranes by detergent plus 
phospholipids- 

Molecular biology. R188Q mutation was constructed by' insertion of the 
mutant oligonucleotides between the Bsml and B^II sites of pSPORT- 
ROMKl (ref. 1 1). A polymerase chain reaction (PGR) fragment (amino acids 
180-391) f^om pSPORT-ROMKl RI88Q mutant was subcloned into pGEX- 
2T vector (Pharmacia) for expression of R188Q mutant protein of GST-RKC. 
The construction, expression and purification of GST-IKC (amino acids 182- 
428 of IRKl), GST-GKC (180-462 of GIRKl), GST-IKN (1-86 of IRKl) have 
beeri described^'*^. 

In vitro PIP2 binding assay. ^H-PIPi in chloroform-methanol (1:1) (American 
Radiolabeled Chemicals; 0.4p,CinM"* specific activity) was dried under 
and sonicated in 100 ^.1 phosphate buffered saline (PBS) to form pure ^H-PIP: 
liposomes. Purified GST ftision protein (100 nM) was incubated with ^H-PIPj 
(0.2-1 jjlM) and precipitated by glutathione 4B-Sepharose beads. After 1 wash 
with PBS, the precipitates were dissolved in SDS gel loading buffer and counted 
in a beta- scintillation counter using a window for ^H. The bound *H 
radioactivity was typically in the range —2-8% of the total added. For co- 
immunoprecipitation» 25% PIP2 or PIP in 75% phosphatidylcholine (PC) 
background (30p.g PIP2 or PIP (Boehnnger Mannheim) and 90 ^tg 
phosphatidylcholine (Sigma)), both in chloroform, were dried dovm together 
and sonicated in 300 p-1 PBS to form mixed liposome. GST fiision proteins were 
first incubated with 25% PIPj or PIP liposome (100 p.M) and PIP2 antibodies 
(1:100 dilution) for 2 h and with protein A-Sepharose for a further 30min. 
After one wash with PBS, the immunoprccipitates were separated by 10% SDS- 
PAGE, probed with specific antibodies"-", and visualized by ECL (Amersham). 
Each experiment was performed at least twice with similar results. The relative 
amount of immunoreactivity in each lane was quantified by serial dilutions of 
sample^*. 
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Experimental introduction of RNA into cells can be used in 
certain biological systems to interfere with the function of an 
endogenous gene**^. Such effects have been proposed to result 
from a simple antisense mechanism that depends on hybridiza- 
tion between the injected RNA and endogenous messenger RNA 
transcripts. RNA interference has been used in the nematode 
Caenorhabditis elegans to manipulate gene expression'*^. Here we 
investigate the requirements for structure and delivery of the 
interfering RNA. To our surprise, we found that double-stranded 
RNA was substantially more effective at producing interference 
than was either strand individually. After injection into adult 
animals, purified single strands had at most a modest effect, 
whereas double-stranded mixtures caused potent and specific 
interference. The effects of this inte^erence were evident in 
both the injected animals and their progeny. Only a few molecules 
of injected double-stranded RNA were required per affected cell, 
arguing against stochiometric interference with endogenous 
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mRNA and suggesting that there could be a catalytic ox amplifica- 
tion component in the interference process. 

Despite the usefulness of RNA interference in C eleganSy two 
features of the process have been difficult to explain. First, sense and 
antisense RNA preparations are each sufficient to cause 
interference^*'*. Second, interference effects can persist well into the 
next generation, even though many endogenous RNA transcripts 
are rapidly degraded in the early embryo^. These results indicate a 
fundamental difference in behaviour between native RNAs (for 
example, mRNAs) and the molecules responsible for interference. 
We sought to test the possibility that this contrast reflects an underlying 
difference in RNA structure. RNA populations to be injected are 



generally prepared using bacteriophage RNA polymerases'. These 
polymerases, although highly specific, produce some random or 
ectopic transcripts. DNA transgene arrays also produce a fraction of 
aberrant RNA products^. From these facts, we surmised that the 
interfering RNA populations might include some molecules with 
double-stranded character. To test whether double-stranded character 
might contribute to interference, we further purified single-stranded 
RNAs and compared interference activities of individual strands with 
the activity of a deliberately prepared double-stranded hybrid. 

The unc~22 gene was chosen for initial comparisons of activity. 
unc22 encodes an abundant but nonessential myofilament pro- 
tein^"'. Several thousand copies of unc-22 mRNA are present in each 



Table 1 Effects of sense, antisense and mixed RNAs on progeny of injected animals 



Gene segment 



Size 
(kilobases) 



Injected RNA 



Fi phenotype 



unc-22 

unc22A' Exon 21-22 



unc22B &xon27 



unc22C Exon2l-22t 
fem-1 

fern 1A Exon 10* . 



fern IB Intron 8 



742 



1.033 



785 



531 



556 



unc-54 

unc54A Exon 6 

unc54B Exon 6 

unc54C Exon 1-5 

unc54D Promoter 

unc54E Intron 1 

unc54F intron 3 



651 

1,015 
567 
369 
386 



Sense 
Antisense 
Sense + antisense 

Sense 
Antisense 
Sense + antisense 

Sense + antisense 



Sense 
Antisense 
Sense + antisense 

Sense + antisense 



Sense 
Antisense 
Sense + antisense 

Sense 
Antisense 
Sense -t- antisense 

Sense + antisense 

Sense + antisense 

Sense + antisense 

Sense + antisense 



unc-22-n\j\\ mutants: strong twitchers'-' 

Wild type 
Wild type 
Strong twitchers (100%) 

Wild type 
Wild type 
Strong twitchers (100%) 

Strong twitchers (100%) 



fem-/-null mutants: femal (no sperm)'^ 

Hermaphrodite (98%) 
Hermaphrodite (>98%) 
Female (72%) 

Hermaphn^dtte {>98%) 



unc-54-null muiants: paralysed'" 

Wild type (100%) 
Wild type (100%) 
Paralysed (100%)§ 

Wild type (100%) 
Wild type (100%) 
Paralysed (100%)§ 

Arrested embryos and larv^ae(100%) 

Wild type (100%) 

Wild type (100%) 

Wild type (100%) 



hfh'l 

hlhIA ■ Exons 1-6 

hlhlB Exohs 1-2 

hlhiC Exons 4-6 

hlh ID Intron 1 



1.033 

438 
299 
697 



myo-3-driven GFP transgenes? 

myo3::NLS::gfp::facZ 

gfpG Exons 2-5 

iacZL Exon 12-14 

myo-3::MtLS::gfp 
gfpG Exons 2-5 

lacZL Exon 12-14 



730 



830 



730 



830 



Sense 
Antisense 
Sense + antisense 

Sense + antisense 

Sense + antisense 

Sense + antisense 



Sense 
Antisense 
Sense + antisense 

Sense + antisense 



Sense 
. Antisense 
Sense + antisense 

Sense + antisense 



hlh-unul\ mutants: lumpy-dumpy larvae*^ 

Wild type (<2% lpy-<Jpy) 
Wild type (<2% Ipy-dpy) 
Lpy-dpy larvae (>90%)I1 

Lpy-dpy larvae (>80%)ll 

Lpy-dpy lan/ae (>80%)II 

Wild type (<2% Ipy-dpy) 

Makes nuclear GFP in body muscle 
Nuclear GFP-LacZ pattern ot parent strain 
Nuclear GFP-LacZ pattern of parent strain 
Nuclear GFP-LacZ absent In 98% of cells 
Nuclear GFP-LacZ absent in >95% of cells 

Makes mitochondrial GFP In body muscle 
Mitochondrial-GFP pattern of parem strain 
Mitochondrial-GFP pattern of parent strain 
Mitochondrial-GFP absent in 98% of cells 
Mitochondrial-GFP pattern of parent strain 



Each RNA was injected into 6-10 adult hermaphrodites (0.5 x 10*-1 x 10' molecules into each gonad arm). After 4-6 h (to clear prefenilized eggs from the uterus), injected animals were 
transferred and eggs collected for 20-22 h. Progeny phenotypes werescored upon hatching and subsequently at 12-24-h intervals, 

• to obtain a semiquantitative assessment of the relationship between RNA dose and phenotypic response, we injected each unc22A RNA preparation at a series of different concentrattons 
(see figure in Supplementary information for details). At the highest dose tested (3.6 x 10^ molecules per gonad), the individual sense and antisense unc22A preparations produced some 
visible twitching (1% and 11% of progeny, respectively). Comparable doses of double-stranded unc2ZA RNA produced visible twitching in aHX)rogeny whereas a 120-fold lower dose of 
double-stranded unc22A RNA produced visible twitching in 30% of progeny 1unc22C also carries the 43-nucleotide intron between exons 21 and 22. tfemlA carries a pom on (131 
nucleotides) of intron 10. § Animals in the first affected broods (layed 4-24 h after injection) showed movement defects indistinguishable trom those of t/nc-54-null mutants. A variable fraction 
of these animals (25%-75%) failed to lay eggs (another phenotype of unc-54-null mutants), whereas the remainder of the paralysed animals did lay eggs. This may indicate incomplete 
interference with unc-54 activity in vulval muscles. Animals from later broods frequently show a distinct panial toss-ot-f unction phenotype. with contractility in a subset of body-wall muscles. 
B Phenotypes produced by RNA-mediated interference with Wrt- 7 included arrested embryos and partially elongated Li larvae (the /j//i-;-null phenotype). These phenotypes were seen in 
virtually all progeny after injection of double-stranded hlh 1A and in about half of the affected animalS produced after injection of double-stranded hlh IB and double-stranded h/hfC. A set of 
less severe defects was seen in the remainder of the animals produced after injection of double-stranded hlh IB and double-stranded hlh 1C). The less severe phenotypes are charaaeristic 
of partial loss of function oi hlh- 1 (B. Harte and A.F., unpublished observations). 5 the host for these injections, strain PD4251. expresses both mitochondrial GFP and nuclear GFP-LacZ (see 
Methods). This allows simultaneous assay for interference withgr/p (seen as loss of all fluorescence) and with/acZ (loss of nuclear fluorescence). The table describes scoring of animals as 
LI larvae. Double-stranded gfpG caused a loss of GFP in all but 0-3 of the 85 body muscles in these larvae. As these animals mature to adults. GFP activity was seen in 0-5 additional body- 
wall muscles and in the 8 vulval muscles. Lpy-dpy, lumpy-dumpy. 
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Striated muscle celP. Semiquantitative correlations between unc'22 
activity and phenotype of the organism have been described^: 
decreases in unC'22 activity produce an increasingly severe twitch- 
ing phenotype, whereas complete loss of function results in the 
additional appearance of muscle structural defects and impaired 
motility. 

Purified antisense and sense RNAs covering a 742-nucleotide 
segment of unc-22 had only marginal interference activity, requiring 
a very high dose of injected RNA to produce any observable effect 
(Table 1). In contrast, a sense-antisense mixture produced highly 
effective interference with endogenous gene activity. The mixture 
was at least two orders of magnitude more effective than either 
single strand alone in producing genetic interference. The lowest 
dose of the sense— antisense mixture that was tested, —60,000 
molecules of each strand per adult, led to twitching phenotypes in 
an average of 100 progeny. Expression of unc-22 begins in embryos 
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Rgure 1 Genes used to study RNA-mediated genetic interference in C. elegans. 
Intron-exon structure for genes used to test RNA-mediated inhibition are shown 
(grey and filled boxes, exons; open boxes, introns: patterned and striped boxes. 
5' and 3' untranslated regions.L/nc-22.ref.9,u/)C'54,ref.l2.fem-r. ref.14, and /?//)- 
ret. 15). Each segment of a gene tested for RNA interference is designated with the 
name of the gene followed by a single letter (for example, unc22C). These 
segments are indicated by bars and upper-case letters above and below each 
gene. Segments derived from genomic DNA are shown above the gene; seg- 
ments derived from cDNA are shown below the gene. NLS. nuclear-localization 
sequence; MtLS, mitochondrial localization sequence, - 




containing —500 cells. At this point, the original injected material 
would be diluted to at most a few molecules per cell. 

The potent interfering activity of the sense-antisense mixture 
could reflect the formation of double-stranded RNA (dsRNA) or, 
conceivably, some other synergy between the strands, Electrophoretic 
analysis indicated that, the injected material was predominantly 
double-stranded. The dsRNA was gel-purified from the annealed 
mixture and found to retain potent interfering activity. Although 
annealing before injection was compatible with interference, it was 
not necessary. Mixing of sense and antisense RNAs in low-salt 
concentrations (under conditions of minimal dsRNA formation) or 
rapid sequential injection of sense and antisense strands were 
sufficient to allow complete interference. A long interval (>lh) 
between sequential injections of sense and antisense RNA resulted 
in a dramatic decrease in interfering activity. This suggests that 
injected single strands may be degraded or otherwise rendered 
inaccessible in the absence of the opposite strand. 

A question of specificity arises when considering known cellular 
responses to dsRNA. Some organisms have a dsRNA-dependent 
protein kinase that activates a panic-response mechanism^°. Con- 
ceivably, our sense-antisense synergy might have reflected a non- 
specific potentiation of antisense effects by such a panic mechanism. 
This is not the case: co-injection of dsRNA segments unrelated to 
unC'22 did not potentiate the ability of single unc-22-RNA strands 
to mediate inhibition (data not shown). We also investigated 
whether double-stranded structure could potentiate interference 
activity when placed in cis to a single-stranded segment. No such 
potentiation was seen: unrelated double-stranded sequences located 
5' or 3' of a single-stranded unc-22 segment did not stimulate 
interference. Thus, we have only observed potentiation of inter- 
ference when dsRNA sequences exist within the region of homology 
with the target gene. 

The phenotype produced by interference using unc-22 dsRNA 
was extremely specific. Progeny of injected animals exhibited 
behaviour that precisely mimics loss-of-function mutations in 
unc-22. We assessed target specificity of dsRNA effects using three 
additional genes with well characterized phenotypes (Fig. 1, Table 
1). unc-54 encodes a body-wall-muscle heavy-chain isoform of 
myosin that is required for full muscle contraction''"*^^; fem~l 
encodes an ankyrin-repeat-containing protein that is required in 
hermaphrodites for sperm production*^''^ and hlh-l encodes a C 
elegans homologue of myoD-family proteins that is required for 
proper body shape and motility*''"^. For each of these genes,, 
injection of related dsRNA produced progeny broods exhibiting 



Control RNA [ds-unc22A) 



ds-g/pG RNA 



dS-iacZL RNA 




Figure 2 Analysis of RNA-interference effects in individual cells.Fluorescence 
micrographs show progeny of injected animals from GFP-reponer strain PD4251. 
a-c, Progeny of animals injected with a control RNA (double-stranded 
[<is)<jnc22A). a. Young larva, b. adult, c. adult body wall at high magnification. 
These GFP patterns appear identical to patterns in the parent strain, with 
prominent fluorescence in nuclei {nuclear-localized GFP-LacZ) and mitochondria 
{mitochondrially targeted GFP). d-f, Progeny of animals injected with 6s-gfpG. 
Only a single active cell is seen in the larva in d. whereas the entire vulval 



musculature expresses active GFP in the adult animal in e. f. Two rare GFP 
positive cells in an adult: both cells express both nuclear-targeted GFP-LacZ and 
mitochondrial GFR g-i, Progeny of animals injected with 6s-lacZL RNA: 
mitochondrial-targeted GFP seems unaffected, while the nuclear-targeted GFP- 
LacZ is absent from almost all cells (for example, see larva in g). h, A typical adult, 
with nuclear GFP-LacZ lacking in almost all bbdy-wall muscles but retained in 
vulval muscles. Scale bars represent 20 ji-m. 
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the known null-mutant phenotype, whereas the purified single RNA 
strands produced no significant interference. With one exception, 
all of the phenotypic consequences of dsRNA injection were those 
expected from interference with the corresponding gene. The 
exception (segment unc54C which led to an embryonic- and 
larval-arrest phenotype not seen with unc~54~n\i\\ mutants) was 
illustrative. This segment covers the highly conserved myosin- 
motor domain, and might have been expected to interfere with 
activity of other highly related myosin heavy-chain genes'^. The 
w«c54C segment has been unique in our overall experience to date: 
effects of 18 other dsRNA segments (Table 1; and our unpublished 
observations) have all been limited to those expected from pre- 
viously characterized null mutants. 

The pronounced phenotypes seen following dsRNA injection 
indicate that intei-ference effects are occurring in a high fraction of 




Figure 3 Effects of mex-3 RNA interference on levels of the endogenous mRNA, 
Interference contrast micrographs show in situ hybridization In embryos. The 
1,262-nt mex-3 cDNA clone^ was divided into two segments. mex-3A and mex- 
3B, with a short (325-nt) overlap (similar results were obtained in experiments with 
no overiap between interfering and probe segments). mex-3B antisense or 
dsRNA was Injected into the gonads of adult animals, which were fed for 24 h 
before fixation and in situ hybridization (ref. 5; B. Harfe and KR. unpublished* 
observations). The mex-3B dsRNA produced 100% embryonic arrest, whereas 
>909b of embryos produced after the antisense Injections hatched. Antisense 
probes for the mex-SA portion of mex-3 were used to assay distribution of the 
endogenous mex-J mRNA (dark stain), tour-cell-stage embryos are shown; 
similar results were observed from the one to eight cell stage and in the germ 
line of Injected adults, a. Negative control showing lack of staining in the absence 
of the hybridization probe, b. Embryo from uninjected parent {showing normal 
pattern of endogenous mex-S RNA^). c. Embryo from a parent injected with 
purified mex-3fl antisense RNA. These embryos {and the parent animals) retain 
the mex'3 mRNA. although levels may be somewhat less than wild type. d. 
Embryo from a parent injected with dsRNA corresponding to mex-3B\ no mex-3 
RNA is delected. Each embryo Is approximately 50jim in length, . 



cells. The phenotypes seen in unc-54 and hlh-l null mutants, in 
particular, are known to result from many defective muscle cells'*''^. 
To examine interference effects of dsRNA at a cellular level, we used 
a transgenic line expressing two different green fluorescent protein 
(GFP)-derived fluorescent-reporter proteins in body muscle. Injec- 
tion of dsRNA directed to gfp produced marked decreases in the 
fraction of fluorescent cells (Fig. 2). Both reporter proteins were 
absent from the affected cells, whereas the few cells that were 
fluorescent generally expressed both GFP proteins. 

The mosaic pattern observed in the ^^-interference experiments 
was nonrandom. At low doses of dsRNA, we saw frequent inter- 
ference in the embryonically derived muscle cells that are present 
when the animal hatches. The interference effect in these differ- 
entiated cells persisted throughout lar\'al growth: these cells pro- 
duced little or no additional GFP as the affected animals grew. The 
14 postembryonically derived striated muscles are bom during early 
larval stages and these were more resistant to interference. These 
cells have come through additional divisions (13-14 divisions 
versus 8-9 divisions for embryonic muscles"''*'). At high concen- 
trations of gfp dsRNA, we saw interference in virtually all striated 
body-wall muscles, with occasional lone escaping cells, including 
cells born during both embryonic and postembryonic development. 
The non-striated vulval muscles, which are bom during late larval 
development, appeared to be resistant to interference at all tested 
concentrations of injected dsRNA. 

We do not yet know the mechanism of RNA-mediated inter- 
ference in C. elegans. Some observations, however, add to the debate 
about possible targets and mechanisms. 

First, dsRNA segments corresponding to various intron and 
promoter sequences did not produce detectable interference 
(Table 1 ). Although consistent with interference at a post-transcrip- 
tional level, these experiments do not rule out interference at the 
level of the gene. 

Second, we found that injection of dsRNA produces a pro- 
nounced decrease or elimination of the endogenous mRNA tran- 
script (Fig. 3). For this experiment, we used a target transcript {mex- 
3) that is abundant in tiie gonad and early embryos^^ in which 
straightforward in situ hybridization can be performed^. No endo 
genous meX'3 mRNA was observed in animals injected with a 
dsRNA segment derived from mex-3. In contrast, animals into 
which purified mex-3 antisense RNA was injected retained sub 
stantial endogenous mRNA levels (Fig. 3d). 

Third, dsRN A- mediated interference showed a surprising ability 
to cross cellular boundaries. Injection of dsRNA (for unc-22, gfp or 
lacZ) into the body cavity of the head or tail produced a specific and 
robust interference with gene expression in the progeny brood 
(Table 2). Interference was seen in the progeny of both gonad 
arms, ruling out the occurrence of a transient ^nicking' of the gonad 



Table 2 Effect of site of injection on interference in injected animals and their progeny 



dsRNA 



Site of injection 



Injected-animal phenotype 



Progeny phenotype 



None 
None 

unc22B 
unc22B 
unc22B 

gfpG 
gfpG 

tacZL 
lacZL 



Gonad or body cavity 
Gonad or body cavity 

Gonad 
Body-cavity head 
Body-caviTy tail 

Gonad 
Body-cavity tail 

Gonad 
Body-cavity tail 



No twitching 
Strong nuclear and mitochondrial GFP expression 

Weak twitchers 
Weak.twitchers 
Weak twitchers 

Lower nuclear and miiochondiral GFP expression 
Lower nuclear and mitochondrial GFP expression 
Lower nuclear GFP expression 
Lower nuclear GFP expresison 



No twitching 

Strong nuclear and mitochondrial GFP expression 

- Strong twitchers 
Strong twitchers 
Strong twitchers 

Rare or absent nuclear and mitochondtral GFP expression 
Rare orabsent nuclearand mitochondria! GFPBxpression 
Rare or absent nuclear-GFP expression 
• RareSar absent nuclear-GFP expression 

The GFP^eport^^^^ strain 'pD4251. which expresses both mitochondrial GFP and nuclear GFP-LacZ. was used tor injections. The use of this strain allowed simultaneous assay for interference 
withg/p (taimer overall nuorescence), tacZ (loss of nuclear fluorescence) and unc-Z2 (twitching). Body-cavity injections into the tail region were earned out to minimize accidental injection of 
the gonad- equivalent results have been observed with injections into the anterior body cavity. An equivalent set of Injections was also performed into a single gonad arm. The emire progeny 
broods showed phenotypes identical to those described in Table 1. This included progeny of both injected and uninjected gonad arms. Injected animals were scored three days after 
recovery and showed somewhat less dramatic phenotypes than their progeny. This could be panly due to the persistence of products already present in the injected adult. After injection of 
double-stranded unc22B a fraction of the injected animals twitch weakly under standard growth conditions ( tO out of 21 animals). Levamisole treatment led to twitching o( 100% (21 out of 21 ) 
of these animals. Similareffects (not shown) were seen with double-siranded unc22A. Injections of double-stranded g/pG ordoubte-stranded/acZL produced a dramatic decrease (but not 
elimination) of the corresponding GFP reponers. In some cases, isolated cells or pans of animals retained strong GFP activity. These were most frequently seen in the anterior region and 
around the vulva. Injections of double-stranded gfpG and double-stranded lacZL produced no twitching, whereas injections of double-stranded unc22A produced no change in the GFP- 
fluorescence pattern. 
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in these injections. dsRNA injected into the body cavity or gonad of 
young adults also produced gene-specific interference in somatic 
tissues of the injected animal (Table 2). 

The use of dsRNA injection adds to the tools available for 
studying gene function in C. ekgafis. In particular, it should now 
be possible functionally to analyse many interesting coding regions'' 
for which no specific function has been defined. Although the 
effects of dsRNA-mediated interference are potent and specific we 
have observed several limitations that should be taken into account 
when designing RNA- interference-based experiments. First, a 
sequence shared between several closely related genes may interfere 
with several members of the gene family. Second, it is likely that a 
low level of expression will resist RNA-mediated interference foj 
some or all genes, and that a small number of cells will likewise 
escape these effects. 

Genetic tools are available for only a few organisms. Double- 
stranded RNA could conceivably mediate interference more 
generally in other nematodes, in other invertebrates, and, poten- 
tially, in vertebrates. RNA interference might also operate in plants: 
several studies have suggested that inverted- repeat structures or 
characteristics of dsRNA viruses are involved in transgene- 
dependent co-suppression in plants"*". 

There are several possible mechanisms for RNA interference in C. 
elegans, A simple antisense model is not likely: annealing between a 
few injected RNA molecules and excess endogenous transcripts 
would not be expected to yield observable phenotypes. RNA- 
targeted processes carinot, however, be ruled out, as they could 
include a catalytic component. Alternatively, direct RNA-mediated 
interference at the level of chromatin structure or transcription 
could be involved. Interactions between' RNA and the genome, 
combined with propagation of changes along chromatin, have been 
proposed in mammalian X-chromosome inactivation and plant- 
gene co-suppression"-^\ If RNA interference in C elegans works by 
such a mechanism, it would be new in targeting regions of the 
template that are present in the final mRNA (as we observed no 
phenotypic interference using intron or promoter sequences). 
Whatever their target, the mechanisms underlying RNA inter- 
ference probably exist for a biological purpose. Genetic interference 
by dsRNA could be used by the organism for physiological gene 
silencing. Likewise, the ability of dsRNA to work at a distance from 
the site of injection, and particularly to move into both germline 
and muscle cells, suggests that there is an effective RNA-transport 
mechanism in C elegans. □ 



Methods 

RNA synthesis and microinjection. RNA was synthesized from phagemid 
do nes by using T3 and T7 polymerase*. Templates were then removed with two 
sequential DNase treatjuents. When sense-, antisense-, and mixed-RNA popu- 
lations were to be compared, RNAs were further purified by electrophoresis on 
low-gelling-temperature agarose. Gel-purified products appeared to lack many 
of the minor bands seen in the original "sense* and 'antisense* preparations. 
Nonetheless, RNA species comprising <10% of purified RNA preparations 
would not have been observed. Without gel purification, the *sense' and 
'antisense* preparations produced notable interference. This interference activ- 
ity was reduced or eliminated upon gel purification. In contrast, sense-plus- 
antisense mixtures of gel-purified and non-gel-purified RNA preparations 
produced identical effects, 

Sense/antisensc annealing was carried out in injection buffer (ref 27) at 
37 ""C for 10-30 min. Formation of predominantly double-stranded material 
was confirmed by testing migration on a standard (nondenaturing) agarose gel: 
for each RNA pair, gel mobility was shifted to that expected for dsRNA of the 
appropriate length. Co-incubation of the two strands in a lower-salt buffer 
(5 mM Tris-Cl. pH 7.5. 0.5 mM EDTA) was insufficient for visible formation of 
dsRNA in vitro. Non-annealed sense-plus-antisense RNAs for unc22B and gfpG 
were tested for RNA interference and found to be much more active than the 
individual single strands, but twofold to fourfold less active than equivalent 
preannealed preparations. 



After preannealing of the single strands for tmc22A, the single electro- 
phoretic species, corresponding in size to that expected for the dsRNA, was 
purified using two rounds of gel electrophoresis. This material retained a high 
degree of interference activity. 

Except where noted, injection mixes were constructed so that animals would 
receive an average of 0,5 X 10*^ to 1.0 X 10' RNA molecules. For comparisons 
of sense, antisense, and double-stranded RNA activity, equal masses of RNA 
were injected (that is, dsRNA was used at half the molar concentration of the 
single strands). Numbers of molecules injected per adult are approximate and 
based on the concentration of RNA in the injected material (estimated from 
ethidium bromide staining) and the volume of injected material (estimated 
from visible displacement at the site of injection). It is likely that this volume 
will vary several-fold between individual animals; this variability would not 
affect any of the conclusions drawn from this work. 

Analysis of phenotypes. Interference with endogenous genes was generally 
assayed in a wild-type genetic background (N2). Features analysed included 
movement, feeding, hatching, body shape, sexual identity, and fertility. 
Interference with gfp (ref. 25) and lacZ activity was assessed using C. elegans 
strain PD425I. This strain is a stable transgenic strain containing an integrated 
array (ccls4251) made up of three plasmids: pSAK4 {myo-3 promoter driving 
mitochondrially targeted GFP); pSAK2 {myo-3 promoter driving a nuclear- 
Urgeted GFP-LacZ fusion); and a dpy-20 subclone^* as a selectable marker. 
This strain produces GFP in all body muscles, with a combination of 
mitochondrial and nuclear localization. The two distinct compartments arc 
easily distinguished in these cells, allowing easy distinction between cells 
expressing both, either, or neither of the original GFP constructs^ 

Gonadal injection was done as described". Body-cavity injections followed a 
similar procedure, with needle insertion into regions of the head and tail 
beyond the positions of the two gonad arms. Injection into the cytoplasm of 
intestinal cells is also effective, and may be the least disruptive to the animal. 
After recovery and transfer to standard solid media, injected animals were 
transferred to fresh culture plates at 16-h intervals. This yields a series of 
semisynchronous cohorts in which it was straightforward to identify pheno- 
typic differences. A characteristic temporal pattern of phenotypic severity is 
observed among progeny. First, there is a shon 'clearance' interval in which 
unaffected progeny are produced. These include impermeable fertilized eggs 
present at the time of injection. Second, after the clearance period, individuals 
that show the interference phenotype are produced- Third, after injected 
animals have produced eggs for several days, gonads can in some cases 
'revert* to produce incompletely affected or phenotypically normal progeny. 
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Non-liganded retinoic add receptors (RARs) repress transcrip- 
tion of target genes by recruiting the histone deacetylase com- 
plex*'* through a class of silencing mediators termed SMRTor N- 
CoR**^. Mutant forms of RARot, created by chromosomal translo- 
cations with either the PML (for promyelocytic leukaemia)*"* or 
the PLZF (for promyelocytic leukaemia zinc finger)''*** locus, are 
oncogenic and result in human acute promyelocytic leukaemia 
(APL). PML-RARa APL patients achieve complete remission 
following treatments with pharmacological doses of retinoic 
acids (RA); in contrast, PLZF-RARot patients respond very 
poorly, if at all". Here we report that the association of these 
two chimaeric receptors with the histone deacetylase (HDAC) 
complex helps to determine both the development of APL and the 
ability of patients to respond to retinoids. Consistent with these 
observations, inhibitors of histone deacetylase dramatically 
potentiate retinoid-induced differentiation of RA-sensitive, and 
restore retinoid responses of RA-resistant, APL cell lines. Our 
findings suggest that oncogenic RARs mediate leukaemogenesis 
through aberrant chromatin acetylation, and that pharmaco- 
logical manipulation of nuclear receptor co-factors may be a 
useful approach in the treatment of human disease. 

Because both PML-RARa and PLZF-RARo: inhibit normal 
retinoid signalling'^~'\ we reasoned that Ldentification of factors 
associated with these proteins might provide mechanistic insights 
into their oncogenic functions. PLZF-RARo; retains the autono- 
mous repression domain, the BTB/POZ (for bric-a-brac/tramtrack/ 
broad complex, poxvirus and zinc-finger) domain, from PLZF^*. 
Because deletion of this domain abolishes the biological functions 
of PLZF-RARa in vivo'^*', we investigated whether it might 
associate directly with components of the nuclear receptor co- 
repressor complex*"^. By using an in vitro interaction assay, we 
found that radiolabelled full-length mSinSA and histone deacetylase 
I (HDACl), but not mSin3B, were specifically retained on matrix- 



bound fusion proteins of glutathione S-transferase with the BTB/ 
POZ domain of PLZF (GST-PLZF; Fig. la). Results from a yeast 
two-hybrid assay showed that PLZF interacts with all known 
components of the co-repressor complex in vivo (Fig. lb). We 
further mapped the PLZF interaction domain in mSin3A to the 
paired amphipathic helix 1 (PAHl, residues 112-192) by a mam- 
malian two-hybrid assay (Fig. Ic). Finally, using a co-immunopre- 
cipitation assay from nuclear extracts of transfected CVl cells, we 
confirmed that PLZF, SMRT, mSin3A and HDACl form a complex 
in mammalian cells (Fig. Id). These results, together with the 
finding that SMRT interacts with another BTB/POZ oncoprotein, 
LAZ3/BCL6 (ref. 18), demonstrated that this family of transcrip- 
tional factors recruits histone deacetylases to repress transcription 
and implicates histone deacetylases in cellular transformation. 

By using a yeast two-hybrid assay, we demonstrated that PLZF- 
RARo; interacts directly with both SMRT and mSin3A, whereas 
PML-RARa interacts only with SMRT'* (Fig. 2B). Most impor- 
tantly, we showed using a co-immunoprecipitation assay that 
HDACl exists in a complex with either PLZF-RARa or PML- 
RARa in transfected CVl cells (Fig. 2C). Furthermore, a similar 
assay using iiuclear extracts of the NB4 cells established from a 
patient with t(15:17) APV° indicated that endogenous HDACl can 
be co-precipitated with an anti-PML antibody (Fig. 2D). The 
presence of endogenous PML-RARa was confirmed by immuno- 
blotting analyses using anti-PML and anti-RARa antibodies (data 
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Figure 1 Association of co-repressors and HDACl with PI_2F. a. SDS-PAGE 
analysis of ^*S-labelle(j mSin3A, mSinSB or HDACl proteins retained on 
Immobilized GST-PLZF affiniiy matrices. I. 20% input; C. GST control; B, bound, 
b. Interactions between PLZF and full-length SMRT. mSinSA or HDACt in a yeast 
two-hybrid assay, c. Interactions betw^n GAL4- DBD fusions of different PAHs of 
mSinSA and VP16 fusion of PLZF*are analysed by a mammalian two-hybrid assay 
in CVl cells, d, PLZF associaies with the histone deacetylase complex in vivo, 
CVl cells were transfected with either vectors only (mock) or plasmids encoding 
HA-PLZF. SMRT, mSin3A and HDACl (HA-PLZF) and nuclear extracts were 
immunoprecipitated (IP) using anti-HA antibodies followed by immunoblotting 
analyses using antibodies against SMRT. mSin3A and HDACl. In lane 1. -100 m-O 
of nuclear extract was applied to ascertain the positions of blotted proteins 
(input). 
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X. RELATED PROCEEDINGS APPENDIX 



The Appellants' legal representative, or assignee, does not know of any other appeal 
or interferences which will affect or be directly affected by or have bearing on the Board's 
decision in the pending appeal. However, for the sake of completeness. Appellants note the 
following matters which may be of interest to the Board. 

A suggestion of interference pursuant to 37 C.F.R. § 41.202 has been filed in related 
co-pending application 1 1/364,183. At the time of this appeal, the interference has not been 
declared. 

An appeal has been filed in the re-examination of U.S. Patent No. 6,573,099, which is 
not directly related to the present application, but is owned by the same real party in interest. 
The reexamination is being conducted under application numbers 90/007,247 and 90/008,096 
(merged). The appeal has been forwarded to the Board of Patent Appeals and Interferences 
for docketing. 

There are no relevant decisions in any related appeal or interference. 



Related Proceedings Appendix - 1 



